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A b  tra c t  
Thi ·tud: aim to anal) ze the cool ing p rformance ofpha e hange materia ls ( PC 1 ) 
i ntegrated into metal I ic heat ink.. ( H  ) both experi mental l y  and numerical l :  . For the 
experimental part of the tud) . a te t etup ha b en constructed to te t PC 1 integrated 
heat ink . The heat ink are prepared a metal l ic containments having fin with fixed 
inter-fin pa i ng.  The \ ol ume betwe n the heat ink fins is fi l led \\ i th PCM namely :  a 
paraffin wa\. .  salt hydrate-ca lc ium ch loride and mi lk-fat. th n the whole sy tem i s  
eal d for t t ing und r variou heat load a t  4W. 6W.  8W and l OW.  Four mod of 
operat i n are experimenta l ly  te ted i n  this tudy :  H under natural convection. H 
i nt grated \\ i th PC f under natural convect ion. HS under forced convection. and H 
integrated with PC 1 under forced \'enti lation . The temperature of heat generat ing 
urface and the heat ink urface ar monitored over t ime to evaluate the PCM thermal 
performance. From the re ult . the t ime lag and temperature drop in case of with PCM 
compared to \\ithout PC 1 how the cool ing effect of adding PCM under both natural 
and forced wnti lation mode of heat removal .  It found that inclu ion of each of the 
three type of PCM into heat inks v,.'ith natural convection shows higher temperature 
drop ( up-to 1 5 °C ) i n  first 1 5  min of heat ing than i nc lusion of fan ( forced convection) 
without PC 1. Ho\\ ever. the combination of both the fan venti lation and the PCM 
always maintain the lmver temperature other three modes. This leads to conclu ion 
that implementing a PCM in the heat s ink wi 11 be very useful i n  them1al management 
of the e lectronic device and the appl icat ion i more sui table under cyc l ic  thenl1al 
load ing cond i tions s ince i n  al l  cases the PCM completes mel t ing in  certain t ime and 
then shows a temperature ri e .  It is recommended to use forced convection combined 
with PC 1 fi l led i n  H to i ncrease the cool ing effect whi le using PCM wi l l  be 
recommended for short t ime operat ion or cyc l ic  operation such as switching operations 
where PCM can be regenerated to sol i d  during off duty cycle to be ready for the next 
cycle of heat absorpt ion,  I t  is a lso recommended to use PCM in tegrated i nto a HS to 
provide a backup passive coo l ing support espec ia l ly  in case offai lure of the fan s stem 
during operation as an addi t ional safety cover. For the numerical part of the study. a 
three d imensional transient heat transfer numerical model using commerc ial A SYS 
CFO software is developed and i s  val idated against the experimental results . Next the 
numerical model is used to optimize the heat s ink geometry. the PCM amount and the 
VIII 
coo l ing-heat ing re pon 'e in  rder to identif) potent ial appl ication In  electronic 
pad,aging in term of temperature drop and charging-di harging cycle t ime. From 
parametric tud) . it is ob en ed that a narro\\ melt ing point not mixing of the PC 1. 
good thermal conduct i \  i t) . higher density . rectangular fin t) pe and a rea onable 
package size are optimum for the temperature control of electronic device employing 
heat s ink \\ i th P \1. 
Key\\ ord : Pha e change materiaL heat i nk ,  three d imensional transient heat transfer. 
. � 
numerical \ al idation. electronic packaging. cyc l ic  operation. optimal heat s ink .  
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C h a p t e r  1 :  I n t rod u c t i o n  
1 . 1  Object iH of the  the  j 
1 he objecti \ e of thi work i t de ign and opt imize a novel heat ink. ( H  ) 
contain ing phu e change material ( PC ) for thermal management of electronic 
de\ i c subj ct to h igher heat load . To achieve thi objective. ariou P M are 
integral d to the I I . P M are con idered a sui table candidate to enhance H 
performance due to the i r  nature of i sothermal heat absorption at the phase tran i t ion 
temperature. 
The method adopted i to exploit PCM-integrated H mechan ism in order to 
re triet the i ntegrated c i rcu i t  ( IC )  temperature LU1der al lowable l im i t  for safe electr nic 
performance. and to increase the t ime lag to reach the peak temperature i n  order to 
protect the IC from fai l ure  during a cyc l i c  operation such a diode switching. 
The study i nve t igates and opt imizes the H performance for coo l ing the 
electronic packaging b i ntegrat ing PCMs through temperature drop and t ime lag for 
d i fferent power inputs to a heat generating surface. The experiments are used to 
val i date the numerical s imulat ion. whi le the val idated numerical model is ut i l ized to 
opt im ize the constructed i ntegrated PCM heat s i nk. .  
1 .2 Thes i  Methodo logy 
I n  order to ha e a better understanding of PCM coo l ing performance i n  
elec tronics  packaging. both experimental and numerical s imulat ion methodologies are 
adopted. The umerical s imulat ion is executed under d ifferent design parameters i n  
order t o  observe and eval uate the coo l ing perfom1ance o f  d ifferent types o f  PC Ms.  
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The numerical imu lation i conducted using finite volume N Y -Fluent 
·o f1.\\ ure ( \ er i n 1 5 )  and re ul ts ar \ al idated xperimenta l ly .  The \ ul idated 
numerical model i u ed to better understand ho\', di fferent parameter affect PCM 
heat ink : stem perfOnllance. The numerical parameter to be examined in  thi thesi 
are : 
Di fferent heat generat ing power input 
Di fferent PCM type 
Di tTerent amount of PCM 
Di fferent H geometries and designs 
I mprO\ ed them1al propert ies ( i .e .  thermal conduct iv i ty)  
For the experimental v,:ork, rectangular HS \vi th internal fin are fi l led with 
o l id - l iqu id PCMs and are subjec ted to heat loads through electrical heat source.  The 
temperature on the heat-generat ing surface and the HS  surface are monitored to 
understand the heat tran fer mechani m and coo l ing perfOnllanCe of the s) stem. 
D ifferent o l id- l iqu id PCMs ( namely paraffin waxes, salt hydrates and m i l k-fat ) are 
evaluated to compare the material perfonnance. Di fferent heat loads ranging from 4 W 
to l O W are stud ied to understand heat generat ion and d iss ipation at d i fferent power 
levels represent i ng d ifferent I C  operating points. An analyt i cal thermodynamics model 
is developed and i terated using A SYS-F luent software to have a better lmderstanding 
of the coo l i ng perfonnance. 
I n  the proposed set of experiments, a DC power supply is used to generate 
d ifferent heat loads. Hence. d i fferent parameters are measured. namely, i nput ol tage, 
input c urrent, heat generat ing surface temperatures and HS temperature The 
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The numerical s imulat ion i s  conducted u ing finite \ ol ume Y -Fluent 
o ftw are ( \  er ion 1 5 ) and re ult are val idated experimenta l l y . The \ a l idated 
numerical model i u d to better under tand ho\\ di ffer nt parameters affect PCi\1 
heat ink y tem pcrfornlance. The numerical parameters to be examined in this thesi 
are : 
D i fferent heat generat ing pow r inputs. 
Di fferent P C i\ 1  ty pe 
Di ffl rent amount f PCM 
Different H geometrie and de ign 
l mprO\ ed thennal propert ies ( i .e .  themlal conduct ivi ty ) 
For the experimental work. rectangular H s with internal fins are fi l led with 
sol id-l iquid peM and are ubjected to heat loads through electrical heat source. The 
temperature on the heat-generating surface and the H surfaces are monitored to 
under tand the heat tran fer mechanism and cool ing performance of the system. 
Different o l id- l iqu id PCMs ( namely paraffin waxe . salt hydrates and mi lk -fat) are 
evaluated to compare the material performance. Di fferent heat loads ranging from 4W 
to l O W are studied to  under tand heat generat ion and d iss ipation a t  d ifferent power 
levels repre enti ng d i fferent I e  operating points. An analyt ical thermodynamics model 
is de\ eloped and i terated us ing A SYS-Fluent software to have a better understanding 
of the cool i ng performance. 
In the proposed set of experiments. a DC power supply i s  used to generate 
d ifferent heat loads . Hence. d ifferent parameters are measured. namely. input voltage. 
i nput current. heat generating surface temperatures and HS temperature The 
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ex pen mental data i recorded u I I1g  a data acqui i t ion ) tern. The experim ntal 
parameter addre ed in the mea urement etup are : 
Di n�rcnt heat generat i ng p \\ er input . 
Di ffer nt PC materia ls l \\ h ich mean d i fferent thermal prop l1 ie uch a 
conduction oeffi ient. cOl1\ ection coeffIc ient. heat capac ity and latent heat of 
fu ion ) .  
fi '(ed geometry of  H , fin type , fins spac ing and amount of PCM .  
1 .3 The  i O utcomes 
Thi \\ ork [ocu  e on invest igating the thennal perfom1ance of a PCM 
i ntegrated H . tem.  and evaluat ing the appropriate opt im ized H . Therefore, the 
main the i outcome are : 
The ident i ficat ion of u i table PCMs as heat removal material i n  electronic 
packaging.  
An opt im ized HS  design. 
An improved them1al respon e for electron ic packaging to heat load. 
Addi t ional experimental data that can emich the l i terature with more 
i ns ightful knO\\' Jedge of coo l ing perfonnance of d i fferent types of PCMs 
under d ifferent heat loads .  
1 04 Thesis  s tru ct u re 
The thesi s  d iv ided i nto s ix  chapters inc ludes the i ntroduction of the thesi s  
presented i n  chapter 1 .  I n  chapter 2 .  a l iterature review i s  presented in  which recent 
developments in the field of PCM i ntegrated i nto HSs are d i scussed. The chapter 
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c perimental data i rec rded u mg a data acqu i  i t i  n sy tem. Th experimental 
parameters addre ed in th mea urement etup are : 
Di fferent heat generat ing pow er input . 
Di fferent P 1 mat rial ( \\ h ich mean d i fferent thermal propert ie such a 
conduction oefJic ient. convect ion coeffic ient. heat capac ity and latent heat of 
fu ion) .  
fi \.ed geometry of H . fin typ . f in  pacing and amount of PCM.  
l .3 The i O u tcome 
Thi \\ ork focu e on i )west igat ing the thermal performance of a PCM 
integrated H tem .  and eval uat ing the appropriate opt imized H . Therefore. the 
main thesi outcomes are : 
The ident i ficat ion of  u i table PCMs as heat removal material i n  electronic 
packaging.  
n opt imized HS  design. 
An i mproved them1al re ponse for e lectronic packaging to heat load .  
Addit ional experimental data that can enr ich the l i terature with more 
i ns ightful knowledge of cool ing performance of d ifferent types of PCMs 
under d i fferent heat loads. 
1 ..4  Thesis s tru c t u re 
The thesi s  d iv ided i nto s ix  chapters inc ludes the i ntroduction of the thesis 
presented in chapter 1 .  I n  chapter 2 .  a l i terature review i s  presented i n  which recent 
developments in the field of PCM i ntegrated i nto HSs are d isc ussed. The chapter 
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pre ems the role of H in  coo l ing � tern e pec ia l l )  the electronic appl icat ion and 
the effect of i ntegrati ng of pba e change material into H . The l i terature coyer \\ ide 
range f w rk in l ud ing e'\perimental and numerical studies. 
In chapter 3, th experim nt and the col lected data carri d out during thesis 
\\ orh. are pr ented for a H \\·i th PCM under d ifferent design parameters. The 
- hematic of experim ntal etup for all te ted modes of op rat ion are explained. The 
chapter al 0 pr ent experim I1t deta i l s  and uncertai nt ies in the measured quanti t ies. 
In chapter .. L the num rical analysis for a H \ i tb PCM i reported inc luding 
me h i ndependent tud) and experimental val idat ion.  The val idated numerical model 
i u ed to opt imize the i ntegrat d peM heat sink . The numerical parameters and tbe 
data u ed in the CFD oft\\"are are al 0 presented in thi chapter. 
I n  chapter 5. the parametric analysi . the experimental and the numerical 
re u l t  are presented. In th is  chapter a detai led descript ion of the col lected data are 
d iscu  ed. 
In chapter 6. the concl us ions drawn from this thesis work are presented. Based 
on the experimental and numerical work d i fferent recommendations for the way 
forward are presented. 
A l l  used references are l i sted in the bib l iography section at the end ofthe th SIS.  
Final ly .  Appendix are supplementary material supported the research inc lud ing 
figures and tables for further explanat ion about some mentioned informat ion in  the 
the i s .  
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C h a pt e r  2 :  L i t e ra t u re Rev iew 
The dramatic gro\\1h in  the el ctronic packaging market i dri \  en b) the 
de\ e lopment f om pact mult i -purpo e electronic d \  ice . The extended u e of these 
de\ ice mal cau e many of them to 0\ erheat and. a a re ult . may lead to a drop in 
their peril rmance effic iency. Hence the demand for effe t ive e lectronics thennal 
management ha grov, n dramat ica l ly to meet the trong grov,1h in the electronic 
market . 
I n  recent year . the thermal management took t\ 0 approaches: the first one 
focuse n-chip cool ing whi l e  the econd one focu e on c i rcuit  board cool ing. The 
max imum a l l  wable temperatures of mo t chips range from 85 °C to 1 20 °C [ 1 ] . It i s  
recommended to  keep the temperature of ch ip  and other functional e lectronic 
component below a l lowable maximum temperature at al l t imes during nom1al 
operation to avoid any mal function of the e lectronic devices [2 ] . The most popular 
approach u ed to cool many o lder electronic devices i s  the con entional forced 
com ection cool ing technique using H and fins to i ncrease the rate of heat t ran fer 
and decrease the device components' temperature accordingly .  Forced convect ion. 
using fan . is an enhanced technique app l ied to i mprove the heat transfer rate between 
the heated e lectronic device and the ambient air .  However, these tradi tional approaches 
may not be effecti ve and feasib le for some newer electron ic appl ications due to many 
reasons such a manufacturing cost, s ize.  power consumption, system rel iabi l i ty. 
\\ e ight .  noi e, and aesthetic constraints [ 3 ] .  
2 . 1  H ea t  i n k  deve lopment  a n d  app l icat ion 
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I n  mo t e lectr mc ) tem , I I are v. idel) u ed a heat exchang r to cool a 
de\ ice b) d i  ipat ing heat from the hot surface into the urrounding medi um. 
Genera l l )  , the H i a metal object brought into contact ", i t ll a hot urface. 
The I I  i u ual l )  de cr ibed a a m tal tructure con i t ing of one or more flat 
urfa e that are i n  g od themlal contact \\ ith the components to be cooled . n arra) 
f fin i the main c mponent in th is structure that helps increase the urface contact 
with the cooler ambient usua l ly  air [ 4 ] .  For more impro ement in  coo l ing, the H i s  
o ften u ed  i n  conj unction with a fan to  increa e the rate of ai rflow over the HS .  Thi s  
combinat ion of H and fan is knOV.11 as a forced air system that a l lows a larger 
temperature gradient by replacing waml air faster than normal convection system [ 5 ] .  
2 . 1 . 1  H ea t  i n k  pr inc ip le  
H operate by efficient ly transferring themlal  energy from a h igh temperature 
obj ct ( ource )  to a lower temperature object ( si nk )  \>\' i th a greater heat tran fer 
capaci ty .  As a result th is  rapid themlal energy transferring leads to quick thermal 
equi l ibrium condi t ion between the two objects, thus ful fi l l i ng the HS's role as a coo l ing 
device [6] .  The H efficiency depend on how fast themlal energy transfer from heated 
element to the HS .  and from the HS  to ambient. The h igh thermal conduct iv ity of the 
H material combined wi th i ts l arge surface area resul t  i n  the rapid transfer of thermal 
energy to the surrounding cooler air. This process cool s  the HS and other object that 
i n  d i rect thermal contact with it [ 7 ] .  
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2. 1 .2  H ea t  i n k  de ign 
I I  configurati n contains an arra) of fi n . the ext nded surface from the 
I I ba u ed to in rea e it urface area and impro\ e the h at tran £ r pro es . 
Ho\\ c\ er. thi i s  not always a l lowable and a l arger H urface area cannot be a Jwa 's 
achie\ ed due to pace l im itati n in 1110 t electronic devices [ 8 ] .  The fin shape has an 
impact on th heat tran fer rate in that d i fferent hape have d i fferent urface area to 
\'oJ ume rat io hence a fin hape can be opt imized to render maximum heat transfer [9 .  
1 0] .  The fin '  cro - e t iona 1 shape can be cyl indrical . rectangular, e l l ipt ical or square. 
A \ ariation calculu technique ha been u ed to find out the opt imum fin hape used 
in coo l ing ) stem [ 1 1 ] . Various shape of longitudinal traight fin H s have been 
experimental l)  examined [ 1 2 ] .  D i fferent fin configuration have been tested and the 
P in  fin configuration is reported to achieve higher surface area in a g iven vol ume 
con equent l y  ach ieving the maximal heat transfer rates .  A luminum finned HSs \>,: ith 
two d i fferent hapes. namely,  the rectangular pin-shaped. and e l l iptical pins in low air 
flow env i ronments. I t wa reported that the aforementioned fin  have nearly equal 
themlal re i tances. However e l l iptical pin occup ing much mal ler volume [ 1 3 ] .  
Another configuration addres ed i s  the flared fi n  H S  where fins  are not paral le l  was 
tested. It was found that themlal performance of the flared H i s  the best among the 
other tested H configurat ions [ 1 4- 1 5 ] .  
Cavit ies ( inverted fins)  embedded in a heat source, are defined a s  the regions 
formed between adj acent fins [ 1 6] .  S ince 2004, many researchers have been motivated 
to find the opt imal cavit ies that m in im ize the peak temperature ( hot spot)  of heat 
generating bodies. D i fferen t  four cavity shapes: rectangular, e l l i pt ical , and triangular 
and a T-shaped cavity penetrat ing i nto a conducting wal l have been studied [ 1 7 ] .  The 
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author. demon trated that the rectangular cavity performs better than the e l l iptical and 
triangular one . [ 1 8- 1 9 ] .  
2. 1 .3 H eat i n k  materia l 
I deal ! ) . H are made of good the1l11al conductor uch as s iher. gold.  copper. 
or a luminum al loy.  opper and a luminum are among the m st-frequently u ed 
material for this purpo e v" i th in electronic de\'ice [20J . Copper has excel lent heat 
tran fer characteri t ic in term of i ts thelmal conduct iv ity but it is sign ificantly 
expen i \'e than a luminum.  lum inum has the sign i ficant advantage that i t  can be ea  i ly  
fom1ed b)  extru ion .  thus mak ing complex cro s- ections possib le .  Aluminum i s  a lso 
much l ighter than copper. offering less mechanical tress on del icate electronic 
component [ 2 1 ] . Compo ite materia ls  and a l loys al 0 are u ed as HS material such as 
copper-tungsten p eudo al loy. Al iC ( si l icon carbide in a luminum matrix )  and 
Dymal lo: ( d i amond in copper-s i lver a l loy matrix) .  are al 0 used as HS materia ls [22 ] .  
2 . 1 A  H eat  ink perform a n ce 
Perfom1ance and durabi l ity of many i ndustrial components rely on effect ive 
heat transfer. i . e  . . the max imum heat removal i n  the a l lowable space and using the least 
amount of materia ls [ 23 ] .  The coo l i ng performance of the HS is main ly function of the 
H materiaL H geometry. and heat transfer coefficient from H surfaces [24 ] .  
Genera l ly .  combined with forced convection the thennal perfOlmance of HS  i s  
improved by  i ncreas ing the thermal  conduct ivi ty of  the HS materia ls. i ncreasing the 
surface area ( usual l by adding extended surfaces. such as fins or foan1 metal ) and by 
i ncreasing the overa l l  area heat transfer coefficient ( usua l ly  by increase fluid eloc i ty, 
such as add ing fans. pumps. etc . )  [ 25 ] .  
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2 . 1 .5 H eat i n k  a pp l ica t ion  
H s are mainl) u ed in mo t o[ the electroni appl ications that require cool ing 
for their c mpon nt and redu ed temperature ri e during operation .  The 
micropr ce or co l ing ) tcm is one popular cxample of the H appl ication V\ hich 
en ure that the microproce or components d not overheat [ 1 5 ] .  Therefore. the H 
i u ed to transfer heat fr0111 the device t the surrounding environment. I n  computers. 
H are u 'cd to 001 the central pro essing unit or graphics proce S01" [ 26 ] .  Another 
exampl of H appl icat ion i the l ight- emitt ing d iode lamp. The performance and 
l i fe f uch l ight ing y tem are trongJ) a function of i ts temperature and in  \'-'h ich 
e\ entuaU) depend on how efficiently the heat is being d issipated from the H [ 27 ] .  
2 . 2  Pha  e change materia l  i m p lementat ion  i n  h e a t  i n k  
2.2 . 1  Pha  e change m a teria l  characterist ic 
The i mportance of thermal management and cool ing approach for most of the 
electronic devices is i ncrea i ngly growing as the new generation of electronic products 
queeze more power i nto ver small packages. Thi s  demands further imprm'ement in  
the  characterist ic of coo l ing systems used i n  these devices. Therefore. recently many 
H s are constructed of mul t ip le types of material with desirable characterist ics such 
as, phase change materia ls  ( PC Ms) .  which have h igh energy storage capac i t ies due to 
their latent heat of fusion [ _8 ] .  
PCMs have been used a s  temperature regulators i n  d i fferent appl ications [ 29-
30 ] . PCM-based cool i ng system can preserve the compactness and l ight-weight 
advantages compared to conventional thermal management system [ 3 1 ] . PCM melts 
and sol id ifies at a speci fic temperature and is capable of storing and releasing a l arge 
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amount of energ) . Themlal en erg) i ab rbed \\  h n the material change from sol id  
to l iquid and i re lea ed v, hen the l iqu id sol id i fie . The cool ing pr  ce u ing the P \ 1  
can be  c 1as i fied i nt thr e pha e . I n  pha e 1 .  heat from the electronic devic 
ab orbed to gradual l )  rai e the temperature of the ol id material to it melt ing point . 
[n pha e 2.  the P to melt at a con tant temperature. During this phase change. 
heat i . ab orbed without ri in the temperature. There might be a smal l  vol ume change 
during the tran i t ion from the o l id  to l i quid state ba ed on thermal expansion 
charact ri t i  of the P M. In pha e 3, once the o l id  peM has ful ly  melted. the 
temperature of the l iqu id PCM rise i f heat is continual !)  suppl ied. Although the PCM 
can ub orb a large amount of energy during the pha e change process. i ts coo l ing 
effect i \en may be l imited to the time durat ion for the solid material to turn 
complete l) to l iquid [ 3 2 ] .  Therefore, peM are recommended to be used i n  s i tuation 
\ \  here heat d i  ipation i periodic or suddenly tran ient [ 3 3 ] .  
2.2 .2  p e M  theoret ical  a n d  experimenta l  s tud ies 
Theoret ical  and experimental studies ba ed on using peM in  e lectronic coo l i ng 
have yie lded extens ive l i terature on various aspects of the phase-change problems. As 
early as i n  1 97 1 .  the relat ionship between PCM and other thermal control techniques 
was discu sed [34 ] .  The authors provides deta i led data about. the material propert ies 
of PCMs. They addressed the engineering considerations re le ant to peM systems 
design. I n  add i tion, an extensive review of the physical phenomena associated with 
phase change in valious geometries have presented [ 3 5 ] .  
Another review dealt wi th c lassi fication o f  pe M and their propeliies. heat 
transfer, and app l icat ions in energy storage. The review reflects the signi ficant 
progress made in the fie ld  during the l ast two decades. The selection of peM material 
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for impJerncntati 11 i n  the ool ing ystem \\ a al 0 addre ed [ 36 ] .  The P M h uld 
ha\ e a melt ing temperature belo\\ the device' maximum operat ing temperature. a 
h igh latent heat f fu i n per unit rna . a high thelmal conduct i \  ity. a high pec i fic 
heat and a maJ l \ ol ume change during pha change [ 3 7 ] .  
On  the oth r hand, un� rtunat I ) . rno 1 of the avai lable PCMs have relat ively 
10\\ them1al d i fCu i \  it ie in both the l iquid and o l id  pha e . Thus in erl ing fin inside 
the PC 1 ha\' been ubje  ted in order to improve its heat tran fer capabi l i t ies due to 
th h igh thermal conduct iv ity path created b) the i ncorporated metal elements. The e 
paths decrea e the thermal gradient in the PCM and al lo",: the maintenance of the 
temperature acro it clo r to the melt ing temperature of the PCM [ 3 8 ] .  
2.2.3 A p p l icat ion of Pha  e change materia l  
PC 1 are genera l ly  used in  a wide range of appl ications inc luding olar 
them1al system [ 39 ] .  de a l ination [40] , heat recovery [ 4 1 ] . bui ld ing [42-43 ] .  and 
refrigeration [44] .  
I n  addi t ion.  PCM implemented in  HS  are used in them1al management of 
e lectronics [45-46] .  spacecraft [47-48 ] ,  smart texti les [49], personal computing. 
communication equipment. power electronic equi pment and pOliable phones [ 28 ] .  
2 .3 Exper imenta l  and  model ing s tudy rela ted to  h e a t  s i nk  
2 .3 . 1  Experimenta l  a n a lysis  
umerous researchers have focused their attention on using extendi ng fins 
inside PCM .  Coo l ing effect produced by integrating PCM in  electronic packaging was 
studied with a one d imensional heat transfer model for design opt imization [ 50] and 
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[ 5 1 ] . l :.>-.pcrimental l )  PC 1 integrated in  a luminum foam with conducti\ e fins ha\'e 
been pro\ en t achieve h igher coo l ing compared to natural cool ing. a luminum foam 
onl) coo l ing and P 1 onl) cool ing [ 52-53 ) .  An experimental tud) on PCM tored in 
finned enc lo ure for coo l i ng appl ication have been conducted [ 54 ) .  The effects of 
\ ariou parameter uch a po\\ er le\ el . number f fin . fin height and fin thicknes 
on the I I  performance \", ere e\ al uated. It wa ho\', n that inc rea i ng the number of 
fin and fin height can imprm e the o\ eral l  thermal perfom1ance. v.  hile increa ing the 
fin thickne ) ie lded a l ight effect. The thermal performance of PCM confined 
bem een d i fferent con figurat ion of in erts have experimental ly  examine. I t  Vias 
ind icated that increa ing fin number for th H S  with paral lel/crossed fin can enhance 
heat tran fer lead ing to reduced peak temperature . Moreover. several authors carried 
out ludie on melt ing proces into PCM with part ial fins  [ 5 5 ) .  
Re earcher have invest igated various configurat ions of  H units and found 
e\'eral potentia l  engineering appl i cation : for example. low temperature storage unit 
[ 56 ] .  refrigerat ion sy tem for refrigerated trucks [ 57 ] .  management of vehicle heat 
[ 5 8 ] .  coo l ing of photo\ 'oltaic C PY )  devices [59]  and electronics cool ing [60-6 1 ) . 
2 .3.2 N u m erical  ana lysis 
umerical studies on PCM fi l l ing a rectangular enclosure with horizontal fins 
heated from one side was carried out [62 ) .  I t was concluded that the natural  convection 
effects have improved when the peM thickness with in the fins was large.  Moreover. 
the performance of a metal l i c  container enclos ing a series of ve11ical a luminum fins 
embedded in  a peM ( Ari stowax) have been have i nvestigated numerica l ly [63 ) .  In 
their study. they i nvestigated the them1al performance by varying the number of fins. 
whi le  the total used mass for peM as wel l  as a luminum were kept constant during the 
13 
s imulat ion run. The auth r report that a ign i fi cam impro\ ement in the themlal 
pcr� rmance of the ) tem \\ i l l  take a place b) increa ing the number of fins \\ h i le 
a lso making the temperatur di tribut ion acro s the heat OUIce nearly i otherrnal . 
1 10\\ e\ er. re u l t  ho\\ that a \ er) l arge number of fin doe not lead to an) ign i ficant 
addi t ional gain in the thermal perfonnance. 
numerical i lwe t igation of model con i st of PCM combined with intemal 
fin' ha\ e conducted [64 ] .  I t  w a  found that the maximizat ion o f  crit ical t imes can be 
achie\ d \\ hen the latent heat themlal management ystem ( LHTM ) geometry i s  
de  igned uch that complete melt ing of all the PC ach ieved s imul taneou ly V\ hen 
the crit ical temperature i s  reached. I n  the same aspect, PCM melt ing injected in a 
finned rectangul ar enclosure have analyzed. Four di fferent fin shape configurat ions, 
namely .  traight fin .  T - hape fin .  Y -shape fin and cross-shape fin were compared to 
eight traight fins configurat ion. Through analysi  and s imulations the, demonstrated 
a marginal improvement in heat transfer [ 65 ] .  
The geometry o f  a PCM heat s ink subjected t o  a constant heat flux tmder forced 
convection to the surroundings at the top have numerica l l y  opt imized. using a fini te­
d ifference model implemented i n  MATLAB.  The opt imization i s  perfol111ed with a 
sole a im of min imization of the cri t ical t ime needs for the H S  to reach the maximum 
al lov .. ed temperature. Through s imulat ion, they found that a sma l l  gap between the fin 
t ip  and the top of the enclosure should exist .  The optimal volumetric PCM percentage 
obtained i n  the ir  study was 72 .5% for a heat fl ux of 1 6  kW/m2. Another interesting 
concl usion was that the i sothenns of the peM were nearly paral le l  to the longitu dinal  
fin  [66] . 
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1 he melt ing in  a heat torage unit \\ ith \ert ical i nternal aluminum fin have 
explored numerical l) [67-68 ] .  T\\ o and three dimensional tran ient imulation were 
performed u ing the omputational F lu id 0) namic ( FO )  method. In a detai led 
parametric im e t igat ion. it \\ a demon trated hov" the melt ing proce i affected b) 
change in the geometry of the y tem and boundar) condit ion . The analy i v" as 
conducted both for con tant temperature and constant heat fl ux boundary condit ions 
at the ba e o C the heat torage device. Consi stent result \\"ere obtained for both ca es. 
Howe\ er. i t  appear that for a constant heat fl u '  at the base. fin efficiency 
con iderat ion could not be u ed for genera l izat ion. 
In  a recent tudy. Opt im izing composite H S  by considering internal fi n  \\ i th 
trapezoidal and parabol ic shapes have attempted [69] . Al though these hapes did not 
y ie ld an) ad\'antage during melt ing. studied the rectangular-shaped fins with optimal 
dim n ion . The other concluded that. for the e shapes. the time requ i red for total re­
sol i d ificat ion was much lower. The research proposed to perf 01111 a mult i -object i  e 
opt imizat ion. where a compromise i made with regard to the crit ical t ime. i n  order to 
achie\ e a shorter period of re-so l id ification [64 ] . 
An opt imization procedure for the design of a Latent Heat Thermal 
Management System ( LHTMS) used for coo l ing an electronic device with transient 
and high heat generat ion have been numerical l explored [ 70] . The subjected system 
consists of a H that integrates PCM between i ts fins. The study aimed to min im ize 
the LHTMS height. without exceedi ng the max imum a l lowable temperature of HS .  
Two d imensionaL three-paran1etr ic. finite e lement (FEM)  s imulations are performed. 
with systematical ly  vary i ng both the number and thickness of the fins under several 
LHTM heights. The opt imized results show that opt imal  PCM percentages are 
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im  e r  'c l) re lated t the range of temperature expected in  the PC 1 .  \\ hen ri t ical 
temp rature i rea hed at the interface thu conc luding the re lation bet\\ een fin len oth e 
and the P \1  temperature. I t  \" a Ii und that a the length of the fin and the i nterface 
heat flux are reduced. the temperature range in i de the PCM i expect d to decrea e 
and thu the opt imal \ olumetric P I percentages are expected to increase. On the 
other hand. decrea ing the number f fin hould increa e the temperature range and 
tim reduce the ptimal \ I Ul1letri c P M percentage . 
2 .3.3 A n a l� t ica l re earche  o n  heat  i nk  
Exten i \  re earch work ha been done in  the area of electronic packaging 
cool ing u ing H ugge ted analyt ical approach for characterizing electronic  
packaee \\ a pre ented [ 7 1 ] .  I n  their tudy, a steady- tate o lut ion of the  Laplace 
equation for general rectangular geometrie wa appl i ed. where boundary condit ions 
are uni form ly  speci fied over peci fic regions of the package. An ana lyt ical and 
numerical t udy on the heat transfer characteri stic of forced convection across a micro 
chalmel H has pre ented [ 72 ] .  Thi study inc luded t\lvO analytical approaches: the 
porous med ium model and the fin approach .  Through the result the effect of t urbulent 
heat tran fer within the m icro channel was studied and analyzed. The authors 
ugge ted a new propo ed concept of m icro-channel coo l i ng in combination with 
m icro heat p ipes. and have estimated the enhancement in heat transfer due to the heat 
p Ipes. 
On the other hand. a method to correct the thermal res istance of electronics 
components by adj usting the j unction-to-ambient them1al resistance to account for 
operational condi tions have developed [ 7 3 ] .  
fhe them1al perf rmance of H 
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v, i th  Paral lel -Plain Fin under a ginn de Ion '- e 
constraint of pre ure drop \\ a predicted and opt imized u ing an analytical technique 
and a thermal and h) drod: namic performance analy zer for H \\ er developed [ 74 ] .  
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C h a pt e r  3:  E x p e ri m e n ta l  e t u p 
I n  thi chapter. a d tai l d de cription of the u ed experimental etup i 
pre eJ1led . I n  add i t ion d i fferent con figuration of the conducted experiments are gi\ en 
in the ub equcnt e t ion . I n  trumentation and deyice u ed in the experiment 
inc luding thermocouple , data a qui i t ion.  heat generat ing ource and D power 
uppl) are al �o ho\\ n and de crib d in thi chapter. 
3. 1 Ex periment  De c ri pt ion  
I n  thi tud) . three d ifferent PCM , four d ifferent operational mode and 
\ ariou heat load inten i t ie are investigated. Experimental setups are prepared to uit 
the d ifferent et of e ·periment conducted in  thi research in  order to provide a better 
under tanding of the performance for d ifferent PCM integrated in the meta l l i c  HS .  The 
u l t imate goal of the conducted experiment is to c learly identify the effect of using 
PCM for coo l ing the electronic package and to evaluate the comparative thermal 
performance of d ifferent PCMs.  
3. 1 . 1  Te t etup Overview 
I n  th is  study. the H s were prepared as metal l ic containments with array of 
vert ical l y  a l igned rectangular fi ns with opt imized inter-fi n spacing that are 
commerc ia l ly  avai lable. The H i s  fi l led with three types of PCMs, namely :  a paraffin 
\;vax. salt hydrate-calc ium chloride and m i lk-fat, and i s  subjected to various heat loads 
at 4 W. 6W, 8W and l OW. The heat generat ing surface temperatures are monitored and 
p lotted against t ime at each power i nput for each of the PCMs at d i fferent modes of 
operat ion .  Four modes of operation are experimental ly tested in th is  study. These are : 
1 )  I I under natural com ection. 
2 )  I J i nt grat d \\ i th P 1 under natural com ection. 
3 )  I I  undl:r forced co]wection. and 
of)  I I integrated \\ ith P 1\1 under fI reed \·ent i lat ion. 
3. 1 .2  Thermo-physical  Prope rtie of U ed peM 
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PCM ha\ been characterized by a variety of them10 -ph .. sical propert ies. 
General l } . PC 1 are elected ba ed on h igher latent heat of fusion. higher speci fic  
heat. contro l lable temperature tabi l i ty. and smal l  vol ume change during pha e change 
[ 75 ] .  Heat i stored during melt ing and i s  re leased during the freezing period [ 45 ] .  
O\ er la t -+0  y ear . mainl y the PCM that have been studied are hydrated sal t. paraffin 
\\ axe and fatty aci d  [ 76] . The experiment conducted in th is  stud, are l im i ted to three 
commercial  PC tl s  products namely Paraffin wax-RT 4 1 .  alt hydrate-calc ium chloride 
hexa-h} drate and i l k-fat . 
alt hydrate-calc ium chloride hexa-hydrate i s  a wel l -kno\\11 PCM with high 
volumetric torage den ity. relativel y  h igher thermal conduct iv i ty .  h igher latent heat . 
h igher heat of fu ion and moderate co ts compared to paraffin waxes as shown in 
( Table 1 ) . Ho\,,:ever. i t  has some d i sadvantages \\'h ich l imi t  i ts appl icat ions. a I t  
hydrates consi  t of sal t  and water in  a d i screte m ix ing ratio  which may suffer from 
phase segregation .  Sub-cool i ng phenomena, lack of them1al stab i l i ty and corrosion due 
to its chemical i ngredients are other weak spots [ 76 ] .  Using of extra water was 
suggested and c la imed that thi s  principle would prevent formation of the heavy 
anhydrous alt .  However. it was found that th is  princip le reduce the storage density of 
the materia l  [ 77 ] .  Another tec1m ique was suggested using some nucleati ng agent to 
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1l1 1 11 1mlLe ub-coo l i ng uch a borax ( 78 ) .  But it need further \\ ork to pre\ ent ettl ing 
of high den it) b ra-x [ 76 ] .  
Comm rcia l  paraffin \\axe are one t )  pe  of organic PCMs \\ ith moderate 
thermal torage den i t ie and a \\ ide range of melt ing temperature . They undergo 
negl ig ible ub-coo l i ng and are chemi al l) inert and stable \'\ ith no pha e segregat ion 
[ 79 ] .  On the ther hand. they have me di advantage l i ke :  10vY thermal conduct iv ity. 
10\\ yolumetric l atent heat torage capaci ty . relat ively large volume change. and 
tlammabi l i t) [ 80 ] .  
1 i lk -fat i an attract ive candidate a a bio-PCM \\'h ich i s  ea i l y  obtained from 
nature. Thi material i al 0 afe to u e s ince it is chemical l y  nontoxic un l ike some 
PC 1 ""h i le  it has acceptable them1al propert ies. The thermal propert ies for each of 
the aforementioned PCMs are descri bed in  Table 1 .  
The main d i  ad\"antage of the PCMs i s  the re lat ive ly loyv thermal conduct ivi ty .  
The researches have proposed variou heat transfer teclmiques [46 ] .  Some methods to 
i mprove PCM conduct i y i ty such as: u ing meta l l i c  fi l lers [ 8 1 ] . combined the PCM 
with the fins [38] and using metal matrices [ 82-83 ] .  
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I 
a l t  hyd rate-ca lc i u m  I Pa raffin 
:\ l ateria l  M i lk-fat  
ch loride hexa-hydrate '"  ax-RT· n 
Thermal c nduct i \  i ty 
0.6 [ 8� 1 0.2 [ 8 5 1  0.29 [ 86J 
( W/m.K ) 
pec i fic  heat capacit) 
2 .000 1 8� J 2.000 [ 85 J 2 .300 [ 86J 
( kJ kg .K)  
Den i t )  (kg  1113 ) 1 .500 [ 8� J 802 1 85 ] 9 1 1 [ 86 J  
i co it) ( kg/m.  ) 0.00 1 84 [ 84 ] 0 .003 [ 85 ]  0 .0450 (86] 
o l idu temperature ( 0 C )  27 .70 * 37 . 53  • 9 .93 * 
L iqu id temperature ( 0 C) 32 .23 * 4_ .89 * 40 .30 • 
Latent heat of fusion 
2 1 3 .66 * 1 4 1 . 7 ' 58 .97 * 
( kJ/kg )  
l 
Table 1 :  Thermo-physical propeliies of PCMs 
• The values are found experimental l y  us ing DSC test. 
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I n  thi tud� . th Different ial canning al rimet!) ( D  ) ha been u ed to 
deteml ine the latent heat of fu ion. the l i quid and ol idu temperature . the 
temperature f tlle material in  V\ hich it i completely o l id .  and compare them v, i th the 
provided material prop rt ie . 0 C is an anal�1ical technique in \\ h i  h the d ifference 
in the amount of heat requ i red to in r a e  th temperature of a ample and a reference 
material b� equal am unt i mea ured a a function of temperature. Both the ample 
and the reference are maintained at n arly the ame temperature throughout the 
experiment. F igure I ho\\ the chemat ic d iagram for th DSC test. The type of D C 
ma h ine u ed in  thi tud i D e - T Q200 which i s  hown in  F igure 2 .  
Reference pan 
Sample 
pan 
Per onal Computer 
DSC enclosu re 
Figure 1 :  chematic d iagram for the DSC test 
2 2  
Figure 2 :  D C setup- D C-A T Q200 
In the D C test. t\\'o pan are u ed : the ample pan, \vhere the PCM sample i s  
p laced and the other one i s  the reference pan. which is left empt) . Each pan i placed 
on top of an electric heater. The heater supp l ie heat to both the pan at a speci fied 
rate. The computer i s  u ed to monitor temperature and regulate heat flow. The D C 
them1al analysi  i n  th i  research i performed with heat ing and cool ing rate of 
5 °C m in  in the temperature range from 0 to 70 °C. Figures 3 . .f and 5 sho\\ the DSC 
cun e for Paraffin .  a l t  hydrate and Mi l k-fat respect ively .  
Sarr4>le Paraffin 
SIze 5 1000 mg 
MeIhod � 
DSC Fde C \TAlData\DSC\ShaunaalParaffin 1 Operator SY 
Roo Dale 29 .. Mar .. 2015 12 15  
Instrumenl DSC 0200 V24 <1 BuIld 1 16 
2 �--------------------------------______________ � 
375l'C (2.. II'C 
r 
.. 1 
141.1 kJ/ki 
.. 2��--�-.��---.,-------�------��--�--r---�� o 10 20 30 40 50 60 70 
E.to Uo  Temperature ('C) 
Figure 3 :  DSC curve for Paraffin 
2 3  
The D C curve in F igure 3 c learly show the l iquids and sol idus temperatures 
for paraftin (TJ = 42 .89 °C and T� = 3 7 .53  °C ) .  The latent heat of the sol id-l iquid pha e 
change has been calcu lated by numerical i ntegration of the area under the peak of the 
D C curve and it was equal to 1 4 l . 7 kJ/g for Paraffin .  
For the a l t  hydrate materia l ,  l iqu ids temperature i s  equal to TJ = 32 .23 °C and 
the sol idus temperature is equal to Ts = 27 .70 °C . The latent heat of the salt hydrate i s  
calculat ing and equal to  2 1 3 .66 kJ/g a found from the  DSC curve (sho�TI in 
F igure 4 ) .  
5.arrge Salt 
Sa.e 5 1000 mg 
Method R3rrcl 
DSC F�e C ITA'Data\OSC\Sharna:I Salt 0peI'a� SY 
Run Date 31- lar-201 S  1 3 .12 
Instrument DSC Q200 V24 4 Bu ld 1 1 6 
2�---------------------------------------------------------.
27.70 'C 
\� 
-1 
2 13.66 kJ/kt! 
-2 �
O
--�---
IO
�-r----
�
-----'--
�
------�
40
--�--��
--r----
oo�
---.�
ro=-
----� 
E. .. Jo T emperatlJ"e ('C) 
Figure 4 :  D C curve for Salt hydrate 
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Sar1-ge F<II 
SIze 5 2000 mg 
Method HeatlCoolA-ieat 
DSC Fde C \T AlOatalDSC\Shaunaa\F at 1 0per3\or Sy 
Run Date 01-Apr-2015 1 0 52 
Instrument. DSC Q2O() V24 4 Swld 1 16 2 �------------------____________________________ -, 
Ci 
� U3'C lO 3'C 
� o r--- -r'� � u.. ---<0 Q) r 
58_97 kl/kc 
- 1  
-2�------�--------.-----�-.---------r--------r-------� o to 20 30 40 50 60 70 
Temperature ('G) 
Figure 5 :  D C curve for M i lk-fat 
2 5  
Figure 5 hows the DSC curve for M i l k  fat .  The melt ing temperature of the 
m i lk-fat wa found to be TI = 40.3 °C whi le the crystal l i zation temperature IS 
detem1i ned be Ts = 9_ 93 °C . The large melt ing range for the m i l k-fat material I S  
because the material consist  of large number of e lement and components_ Each of 
the e e lements has i ts own mel t ing poi nt and combining the melting points for a l l  
elements of m i l k-fat material explain i ts l arge mel t ing range_ The numerical i ntegrat ion 
of the area under the peak of DSC cur e of Mi lk -fat represent the latent heat which is 
equal to 58 .97  kJ/g for m i l k- fat. 
The DSC results show a good agreement with pub l ished material properties 
with acceptable error less the 5%. 
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The tht::r menti ned mat rial propert ie \\ ere u ed from the data heet prO\ ided for 
each u ed material [ 84- 6 ) .  
3. t .3 I n  t ru mentat ion  
hemati d iagrams f the apparatu for the tv .. o experimental tup u ed in  
th i  tud) arc hO\\ 11 i n  Figure  6 and Figure 7 .  They onsist main ly ofa PCM container. 
a cha i mount re i tor ( R  H B- l O D with max imum pov,:er rat ing of l O W and 1 0.,0. 
tolerance ) as heat g ncrator. a fan for a etup #2 only. a programmable DC povv er 
'uppl) . temperature data logger and a personal computer. In  addit ion. the cool ing 
S) tem ha been i n  ulated \\ i th a poly t) rene cham ber. 
Heat Generator 
Pol, t\1ene 
Heat mk 
C\few! board 
Power upply 
Thermoco.uple 
Temperature Data 
Logger 
Personal Computer 
F igure 6 :  Schemati c  d iagram of the apparatus i n  experimental setup # 1  with 0 Fan 
Heal Generator 
Poly I)Tene 
Crrcull board Fan 
Paller upplv 
Thermocouple 
Temperature Data 
Logger 
2 7  
Personal Computer 
F igure 7 :  chemat ic d iagram of  the apparatus in  experimental setup #2  using Fan 
Figure 6 ho\\ the experimental ystem inc luding the personal computer wi th 
e'\t rior connection to the I-D Q-Pro data acquis it ion system to log the 
temperature \alues mea ured by the cal ibrated T -type copper-constant on 
thenno ouple . The system shov,n ins ide the polystyrene insulated chamber houses a 
c i rcui t  board for heat supply and a HS  attached to i t .  The c ircui t  board provides a heat 
generat ing urface on top of the HS  to 'which the thermocouples are attached . F igure 7 
show the ame ystem with one main modi ficat ion made to the polystyrene insulation 
chamber in which an air chalmel vent i lated by a fan is i nstal led. The exterior 
connection of the fan to the AC power source. the c i rcui t  board to DC power supply 
and thennocouples to the I DAQ Pro data acqu isi tion s stem are a lso ShO""'11 in 
F igure 7. 
An experimental apparatus has been designed and bui l t  to accurately measure 
the i nstantaneous sol i d-l iqu id i nterface evolution and temperature d i stribution within 
the PCM. F igure 8 shows the schematic  representation of the HS coo l ing system . 
Tbermocouple 
Po itiODS -�"' •• L. 
51 mm 
51 mm 
Polystyrene 
3 
3 
Figure 8 :  chematic representation o f  the heat s ink 
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Thi y tem consi t of a clo ed rectangular coated a luminum H with vert ical 
fin manufactured \\ i th d imensions of 5 1  x 20 x 25 mm3. The urface betv,:een the HS  
and the heat source i sandwiched \\' i th thermal grease t o  reduce contact thermal 
re i tance. 
3. 1 .3. 1 H ea t  G en erator Re istor 
Heat Generator Resi stor is integrated electronic c ircu i t  ( IC )  compact in  a smal l  
plate kno�n as a chip .  The IC is attached to the HS and i s  used to generate the heat 
i nputs from the equivalent appl ied power. Heat Generator Resi stor RCHB- l 0 D i s  
u ed  to  generate the  heat during the  test ( shown in  F igure 9 ) . This type of Ie i 
designed to be mounted eas i ly  onto a HS  with catalog maximum appl ied power rat ing 
of l OW and tolerance of ± I %. The heat generating surface i s  L= 50 .7  mm and w =20.3 
mm whi l e  heat e lement d iameter D=2 .4mm [ 87 ] .  
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( ) ( 8 )  
Figure 9 :  Heat Generat r R e  i tor RCH B - 1 0  0 (A :  top side and B :  bottom ide) 
3. 1 .3.2 Thermal G rea e 
Tgrea e-2S00 i u ed in the experim nt as an i nterface material between the 
H ba e and the heat generator top urface to thoroughly  wet out thelmal surfaces and 
create a \ ery lov. contact thennal re i stance of 0 .0000 1 5  m2 .KlW. It is  a s i l icone-free, 
non-toxic and envi ronmental ly afe thermal grease with a h igh catalog thennal 
conduct ivity of 3 . 8  W/m .K for use in h igh performance appl icat ions [ 88 ] .  Then11al 
grea e propert ies are tabulated in Table 2 .  
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I 
P ropert ie  De cript ion 
Color White 
Den it) " .42 g/ec 
Temperature Range -55°C to I 50aC 
Thermal Conduet i \  it) 3 . 8  W/m.K 
Thermal Re i tance 
it 1 0  p'i 0 .023°C- in2/W ( 0 . 1 5  C-cm'2/W ) 
it 50 psi 0 .020°C-in2/W ( 0 . 1 3  C-cm'2/W) 
Volume Re is t i \  ity 3 . 5  x 1 0 1 2 OIU11-cm 
Table 2: Propert ie  of Thermal Orea e_Tgrease-2 500 
3. 1 .3.3 Pow er s u pp ly 
A DC Programmable Power Supply _ PPT -36 1 5  i the type of power upply 
that u ed in th i  re earch ( F igure 1 0 ) .  
F igure 1 0 : DC Programmable Power upply _ PPT -36 1 5 .  
I t  i s  powered from an A C  mains electr ici ty and then convert i t  to fixed DC 
load. DC programmable power supply a l low remote control of its operation through a 
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digi tal i nterrace to uppl) a control led amount of \ ol tage and current \\·h ich in tum i 
pa ed through an electri c i rcuit to gen rat a heat from the heat OUIce. 
3. 1 .3A Fo rced Hnt i J a t ion y tern 
n axial D fan \\ ith dimen ion ( length == 40 mm. width == 40111111 . 
thid.ne == 1 0111111 ) i u ed as forced ool ing sy tem in ca e of forced com ection 
experimental etup to \ ent i l ate the H s. Figure 1 1  sho\>, the u ed DC Fan. 
Figure 1 1 : DC Fan used for venti lat ion 
It i pO\\'ered by direct current ( DC )  electrical flows. operated at 1 2V and 
rotating in one d i rect ion .  The fan produces an airflow rate of 9.9 cubic feet per minute 
(CF  1 )  and the rotat ional speed of 8500 RPM revolutions per m inute ( RPM ) [89] . 
The advantage of DC fans i s  the noise produced b fan i s  an audible noise. 
economical price range and they create l ess electromagnetic i nterference that enables 
them to cool computer systems without d i sturbing processes with electromagneti c  
in terference. 
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3. 1 .35 Ther'moco u p l e  
Thermocouple mainl) con i t of t\,\ o  d i  s imi lar conductor o r  emiconductor 
that contact each other at j unction and \ oJtage d i f� renee i s  produced \" hen they 
c'\pand d i fferent l )  under the ame temp rature. 
The therll10couple with type K probe ( hromel - Alume 1 )  with a mal l wire 
diameter of 0 .2 1 and cal ibrated accuraC) of ±O.OS °C were used in this ),stem a a 
temperature ensor ( ho\', n in  Figure 1 2 ) . The temperature measured in degr e °C 
and the It:ll1perature range from -50 °C unt i l  to 200 °C . The thermocouples placed in 
d i fferent locations to mea ure the tran ient temperature di tribution [ 90 ] .  
Figure 1 2 : Thermocouples type K 
3. 1 .3.6 Data acq u is it ion  
Data acquis i t ion i s  the process of measuring an electrical or  physical quant i ty .  
DAQ system consists of sensors connected to DAQ modules, DAQ measurement 
hard\vare. and a computer with programmable software. Connecting the 
thermocouples \\ ith the DAQ. the data is measured in vol tage then converted into 
temperatures values through a ca l ibrated equat ion in the DAQ measurement hardware 
using programmable software. 
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3. 1 .3.6. 1 D Q mea u rement  h a rd" ar 
The t) pe f data acqui i t ion u ed in the e exp riment i I D Pro cD C-
9 1 74 for data acquis i t i  n I t has i ( hown in Figure 1 3 ) . The DAQ cha si can carry 
up-t [our module. 1-9:2 1 3  them10 oupl i nput i th temp rature module u ed in  thi 
research.  It c 
111 a'urement en i t i \ i t) [ 9 1 ] .  
channels \\ i tb 24-bit DC for up t 0 .02 0 
I t  i connected to logging y tem program with graph ic  d isplay and a bui l t - in  
run t ion ) tem to hov, and record the mea ured temperature " ia  tbem10couple 
\\"hich connected to d i ff! rent locat ions in tbe H . 
F igure 1 3 :  I DAQ Pro_ cDAC-9 1 74 data acquis i t ion 
3. 1 .3.6.2 Data logger softwa re - LabVI EW 
Laboratory V i ltual I nstrument Engineering Workbench ( LabVIEW)  i s  a 
system-design platform with a graphical  programming syntax known as i sual 
programming l anguage. Lab V IEW used in th i s  research as a data logger program to 
sho\-v and to record the temperature measured by thermocouples through data 
acquisi t ion system since it i nc l udes bui l t - in support for I hardware p latforms uch as 
Compact-DAQ. with a large number of device-specific blocks for such hardware. 
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Lab \' J E W  mai nl) con i t of bl ck diagram. a front panel and a connector 
panel . rhe front panel \\ hich i the u er interface i bui l t  u ing controls  and ind icator . 
Control  are input that a l lo\', a u er to uppl) information to the program " .. hi le 
indicators are output that ind icate. or di  pia) . the re ult based on the input gi\ en to 
the program. 
The block d iagram i s  the programmer windovv and i t  contains the graphical 
ource de on \\ hich the programmer bui l t  the program by cOlU1ect ing d i fferent 
function block b) dra\\ ing v ,  i re and mod ify the properties. A l l  of the object placed 
on the front panel appear on the block d iagram a terminals .  Front panel windov, and 
block diagram code u ed in thi study are sho\.\"n in ppendix  1 .  
3. 1 04 Cal ibrat ion 
Accuracy i an import ing a pect in  an, experiment to trust an experimental 
resul t  and draw a conclusion accordingly .  Cal ibration is a procedure used for 
adj ust ing the accuracy of a measuring i nstrument to provide a re u l t  with in a ui table 
range of error . A l though the procedure for instrument cal ibration varies from one 
de\ i ce to another, but main ly could be defined as a comparison between measurements 
- one of knO\\TI magni tude with one device and another measurement made in as 
s imi lar way with a second device. In th is  research, thermocouples are cal ibrated by 
measuring known temperatures which is ice mel ting temperature T1ce = 0 °e. The 
values are found c losely  to the reference temperatures with elTor range ( 0 . 5  - 1 )  0c .  
Also. the temperature alues found by the used thennocouples are compared with 
cal ibrated thennometer and the elTor was less than 1 %. 
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3. 1 .5 � per jrn n ta l  Proced u re 
I n  thi e:-..perimental tudy. the effect of the fol lowing parameter are 
l;\.amined : 
1 )  Power le\ e l :  
Di fferent po\\ er input leyel were et at 4W, 6 W. 8 W and l OW. 
2 )  D i fferent peM : For each povv er input of mentioned p wer inputs. three 
d i fferent material \\ ere examined . 
3 )  �======��==-==== 
natural venti lation ( wi thout u ing fan )  and forced vent i lation system by using 
fan .  
To im  e t igate and analyze the them1al performance of the peM - integrated 
package. d i fferent experimental operation modes have conducted at d ifferent heat 
input namely 4W. 6W. 8W and l OW.  
The four model that were studied are : 
1 )  Metal l i c  finned H subjected to natural vent i lat ion .  
2)  Metal l i c  fi nned H subjected to forced convection venti lat ion. 
3) Meta l l i c  finned H fi l led with peM subjected to natural vent i l at ion. 
of)  Meta l l i c  finned H fi l led with peM subjected to forced convection vent i lation. 
The HS is fabricated from Aluminum sheet with enclosure d imensions: length= 
5 1  mrn . width= 2 1  mm and height= 25 mrn . The H S  enclosure contains equal ly  spaced 
array of standard s ize fi ns.  The number and geometry of the fins with their a l ignments 
and the base plate th ickness are shown in F igure 1 4 . 
H 
Fin thickness Fin spacing 
• • • • • • • • • • • • • •  
• • • • • • • • • • • • • • 
• • • • • • • • • • • • • •  
• • • • • • • • • • • • • •  
Heat sink length 
height H length F in  spacing 
(mm)  (mm)  (mm)  (mm) 
2 5  2 1  5 1  1 .6 
.. 
4 
.... .s= £ lID � lID .s= .� � .s= c E iii U-
'iii 41 
:x: 
T 
., 
Fin 
thi kness 
(mm)  
1 .6 
Figure 1 4 : Detai led design for heat s ink 
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Base thickness 
Fin height 
Ba e 
lhicJ..ness 
(mm) (mm) 
----1 
20 2.5 
total of n ine themlOcouples are used in  the e 'perimental part. Three 
them10couples placed i n  the bottom surface of the Hs. five them10couple are fixed 
into i nner wal l  of the polystyrene enclosure and one them10couple i s  used i n  ide the 
enclo ure to measure the surrounding temperature .  
Three grooves have been made i n  the bottom side of HS and three 
them10couples are then p laced ( so ldered) at speci fied posi t ions on the bottom face of 
the H to measure the temperature of the heat s ink surface as shown in F igure 1 5 . 
Thermoco uple 
po ition 
S.S m m  20 m m  
Figure 1 5 : Thermocouple posit ion 
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20 m m  5 . S  mm 
0.3 -m111 thermal grea e Ia) er i appl ied to the H ba e as an interface 
bet\\ een the H and heat ource to reduce contact themlal re i stance. to increase the 
me hani al fixture of the structure a embly and to e l iminate air gaps or paces at the 
interface area. The temperature of Heat i nk generated urface i a umed to be equal 
to the temperature of the bottom side of the heat s ink surface. 
The H wa subjected to d ifferent level of heat power inputs ( 4W. 6W. 8W 
and l OW )  for both case of venti lation ( natural convection wi thout using fan and 
forced COll\ ection ystem by fan ) .  The correct o l tage for the desired power output has 
been upp l ied to the heater from a DC programmable power supply .  Table  3 shows the 
voltage ( V )  and the current ( I )  used to produce the desired output power. 
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Voltage C u rren t  PO'Hr H eat  fl u x  over 
generated u rface 
H eat fl u x  over 
generated e lement  
1 0  
9. 1 5  
7.9 
6.5 
( W) 
0.998 9.980 9784.3 1 0.98 2 2 1 .04 
0.876 8.0 1 2  7858.24 0.79 1 76.84 
0.77 6.083 5963.73 0.59 1 32.63 
0.632 4.002 4027.45 0040 88042 
Table 3 :  DC Power 
The H ) stem ha been in u lated b 3 cm thick PDM insulator sheets ( k  = 
O .O-L W/m K )  in  order to avoid effect of external ambient temperature through room 
H V  AC y tem. One thermocouple i p laced i n  ide the insulated compartment to 
mea ure the ambient temperature. F ive them10couples are placed on each i nner face 
of the polystyrene chamber to measure the surface temperature \ hich wi l l  used in  the 
numerical analy i radiation computat ions. 
The experiments were conducted in  a part icular sequence of heat inputs. Fir t 
experimental test considers an empty HS  without the PCM and wi l l  serve as a reference 
for d i rect comparison of its thermal performance other experimental tests that integrate 
t hree d ifferent PCMs into the H S .  
Then. the PCM-integrated HS  tests. the metal l i c  finned enclosure is  fi l led with 
three PCM materia ls. namely .  Paraffin  wax-RT4 1 . Salt hydrate-calc i um chloride hexa-
hydrate and M ilk-fat . The materials are fi l led in l iqu id phase and are al lowed to sol id ify 
i n  the I- I .  b) fi I l ing the pace bet \\ een th Ii n . 
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) nnge I ut i l ized to inject the 
material i nto the H thr ugh a mal l bole in the t p urface of the H . Th ame 
\ olumetric amount of each mat rial i u ed r r e\ er) run . G lue has been used to seal 
the fi l l ing hole and t en ure that no PC material leak during the experiment . 1 1  
e'\p riment haw been in i t iated by the l id  P M at the ame tart t mperature of 24 
o 
Each experiment i compo d of two tages: the heat ing run which i marked 
b)- temperature ri e and melt ing of the PCM fol lowed by a cool i ng run marked b) the 
heat r mo\ al and o l id i lication of the PCM unt i l  the PCM retums to its ini t ia l  
temperatur . 
I n  the case of forced convection, a M ini -Vane CFM Anemometer-AN340 is 
u ed at three d ifferent po i t ion ( top. middle and bottom ) on each of H sides to 
mea ure the air velocity a hOVdl in  F igure 1 6 . The average velocit ies are then used 
to calculate the convective heat loss coeffic ient requ i red for the numerical analysis 
work a a boundary condit ions.  
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Figure 1 6 : Min i -Vane CFM Anemometer-AN340 
The experimental data i s  recorded using the Data Acquisi t ion Unit which is 
connected to a PC using LabV I E W  program. The temperature of each thermocouple 
fixed at the pecified locat ions i captured at fixed one-second t ime i ntervals  and is  
plotted i n  real -t ime. 
Each experiment l S  perfom1ed three t imes to assure repeatabi l i ty and 
reproduc ib i l ity of the data. F igure 1 7-20 show a l l  experimental configurat ions used 
i n  th i  study. 
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F igure 1 7 : chematic representat ion of experimental configuration 0. 1 .  for matric 
finned H subjected to natural venti lation 
F igure 1 8 : chemat ic representation of experimental configurat ion No.2,  for matric 
fi nned HS subjected to forced convection vent i lat ion 
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Figure 1 9 : chematic representation of experimental configurat ion 0 . 3 .  for matric 
finned 1 1  fi l led \\-j th PCM subjected to natural venti lation 
F igure 20: chemat ic representat ion of experimental configuration No.4, for matric 
finned H fi l led with PCM sUbjected to forced convect ion venti lation 
Tv,,'o polystyrene part i t ions are contained inside the sealed and i nsulated 
compartment for a l l  four modes of operations to al low the air produced by an external 
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DC fan to 111 \ e on a traight central axi of a clo d channel and a1 0 u d i n  ca e of 
natural 011 \  cction ha\ e ame ondit ion in  both \ ent i lation t) pe u ed i n  
e"periml:ll tal part a hO\\ 11 in  Figure 2 1 .  
Closed channel  
F igure 2 1 : DC fan i n  tai led i n  the do ed channel contained i nsulated compartment 
3.2 U n certa in t ie for Calcu lated Quant i t ie 
The heat rate is ca lcu lated us ing the  fol loV\ i n g  eq uat ion:  
Q = mrol * cp * [). T 
The abo\ e equation \\ a d i fferent iated i n  order to calcu late the unceltainty heat rate:  
. aQ· . aQ· dQ d - d!1T = -.-- mrol + a A T amrol Ll 
Where. 
d[)'T = 0.05 % as ment ioned before ( sect ion 3 . 1 . 3 .4 )  
( 3  - 1 )  
(3  - 2)  
(3  - 3)  
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Then. the unceI1aint) fi r heat rate can be calcu lated a fo l lo\\ 
dQ = cp * /J.T * dmro/ + 0.5 ( rnrol * cp ) 
-t. 1 I n t roduct ion 
C h a pter  4 :  u m e rica l  A n a ly i 
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I n  th i  tud) a numerical c mputat ional fl u id dynamic ( CFD)  s imulation has 
been emplo) cd to better under tand the tran ient heat transfer in a H that is fi l l ed \\ ith 
P 1 .  The numerical 'ol\ 'er code are wel l - tab l i  hed and thus provid a good tart 
to more complex heat tran r r and flu id flO\ problems. FL ENT AN Y ( version-
1 5 ) i s  a commercia l  CFD oftv,are that i s  u ed  in  th i s  study to  model the problem in 
hand . I t  i an engineering imulat ion o ftware which contain the broad phy ical 
model i ng capabi l i t ies n eded to model flu id fl , heat transfer, and react ions for 
i ndustrial appl ication in order to allow engineers to test systems by s imulat ing fluid 
flo\\ i n  a "\ i rtual envi ronment. 
In thi ect ion. numerical computat ions are performed for the a luminum 
rectangular fi nl1ed H configurat ion at d i fferent power heat i nputs to obtain the 
temperature drop performance o\,er a range of t ime. The numerical resul ts are 
\'al idated with the experimental results . The chal lenges i n  the numerical model come 
from that fact that PCM is combined with conjugate heat transfer in two phase i n  
addi t ion to  the sol i d  fins .  
4.2 Deta i led model  for the  heat  i n k  
The model i s  producing u i ng A SYS F luent ( Version- I S ) for the metal l i c  HS 
enclosure whi le the  a i r  properties i n  polystyrene containments surrounding the used 
H i s  used as boundary condi t ions in  the analysis of HS mode l .  
1 he gcometr) f the H i created in  
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Y D ign  10deler \\ i t h  the ame 
d imcn ion a of th xperimental part a mentioned in ectiol1 3 . 1 . 5 .  Figure 22 h \\. 
the I L  - AD ge metr) in the A Y oftware \\ h i le Figure 23 hows the detai led 
ketch for the I I 
(A )  
o cm-;. __ -======'5:Jooo ... __ -=::::====5'I1 F (mm) 
( B) 
Figure 22 :  Heat s ink geometry in  ANSYS ( A ) , ( B )  i s  the cross section area of the H S  
o OC() __ -===='0:iOOO __ -====:!J20 OC() (mnt) 
s OC()  15 000 
( A )  
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1.81 mm 
1.81 mm 
( 8 )  
" 
I 
.. -a _ _  
I _ _ 
F igure 23 : ize of heat sink, ( A )  the side-view of heat sink geometry in  A YS and 
( B )  the top view of the heat s ink geometry i n  A SYS 
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ft r ketching the H geometry. each face in the g ometr) i e lected and 
identi fied v. ith spec i fic name to faci l i tate boundary cond it ion placement and to 
simpl i fy po t proce ing.  The pha e of fin and the H ba e i ch en to be o l id whi le 
tht: empty pace urrounding the fin are e lected a a flu id ( either P M or Air ) .  Each 
o l id  face i coupled with the ne�t layer of l iquid face to account for conj ugate heat 
tran fer. 
·t3 u merical  etu p for the  C F n  S i m u lat ion  
After creat ing th  computational mesh for the H geometry ,  the numerical 
etup for CFD analy i i s  conducted u ing AN Y Fl uent ( version- I S ) .  Mode l ing of 
pha e change processe pre ent a ign i ficant chal lenge due to the problem complexity 
and the conj unction of the involved physical phenomena V\ hich inc lude ( l )  vol umetric 
expansion due to the phase change in  paraffin \ ax, ( 2 )  convection in  the l iquid pha e. 
and ( 3 )  motion of the o l id  in  the melt due to density d ifference . 
The pre ent work attempts to overcome the l im itat ions and to simulate the HS 
i nc luding the o l id  fin . sol i d  and l iqu id PCM or  air. whi le a l lowing for natural and 
forced convection. and sol i d  motion in the l iqu id .  
The four experimental modes. defined in  chapter 3 .  are s imulated to val idate 
the experimental results conducted for d ifferent heat inputs and d i fferent PCMs. The 
numerical analysis uses the same material propert ies a those used in the experimental 
setup. The peM properties are provided in Table 1 .  sect ion 3 . 1 . 2 .  The HS material is 
a luminum whi le air is used as a fi l l ing material in case of empty HS .  Properties of 
aluminum and air are mentioned Table 4 .  
I 
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M ateria l Air Al u min u m  
Thermal conduct i\ it) ( \\  m I K I )  0.0242 202..+ 
pcc i fic  heat apa it) (J kg 1 K 1 )  1 006.43 87 1 
Den i t) ( kg m ' ) 1 . 225 27 1 9  
isco ity l kg/m.s ) 1 . 7894x 1 0-05 -
Table 4 :  Thermo-phy ical propertie  of air and aluminum (92) 
-'.3. 1 N u merical M odel A u m pt ions  
The ame urrounding media app l i ed in the experimental etups i produced in 
Y .  umption used i n  the numerical analy i s  are : 
Laminar flow 
n i fom1 wal l heat flux 
Constant heat fl ux 
I ncompressible fluid 
Transient t ime analysi 
Variable thermo-physical properties 
-'.3.2 N u merica l Model Bou n d a ry Condi t ions  
For thermal boundary condit ions. s ix boundar wal l conditions are appl ied i n  
the CFD model . Heat fl ux i s  app l ied t o  the HS  bottom wal l whi le  the other HS wal ls 
are subjected to m ixed heat loss mode ( conduction and rad iation ) .  
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4.3.2 . 1 I n pu t  H eat  o u rce 
t\ c n tant heat flu, i appl ied to the H bottom \\ a l l  at d i fferent power input . 
fhe thermal re i tance i set t be equal to 0 .0000 1 5  m� .KJW in  heat flux face due to 
u_age of the th nnal gr a 'e in the experimental etup a mentioned in ect ion 3 . 1 . 3 .2 .  
The heat fl ux for each po\\ er input i calculated u ing equation ( 4 - 1 ) and tabulated in  
Table : .  
q =  
Pwer 
A rea 
Po\\ er 
( W )  
1 0  
8 
6 
4 
E q u iva lent  heat flux 
( W/m2) 
9784.3 1 3 7 
7858 .2353  
5963 .73 1 5  
4027 .4509 
L-- ______ -L ________________ � 
Table 5 :  Heat fl ux for d i fferent Power i nput 
...  3 .2 .2 H ea t  Loss by Convect ion 
(4  - 1 )  
When heat transfer takes place between a sol i d  surface and a flu id system i n  
motion. the process i s  known as  convect ion heat transfer. The convection coefficient 
i s  calculated for the external wal l s  of the HS using the fol lowing relat ions, [ 93 ] .  The 
5 1  
pr  pert ie  of a i r  a t  the fi lm temp rature and I -atm ( k, Pr, v and � ) \\ ere found from 
the table of ir Pr pert ies in  
T - (T<+Too) f - 2 
ppendi:-. 2 .  Where. 
( 4 - 2 ) 
.!....:..!:==:...-=..oo""n.!....:\c...::e:;::c.:..:ti-",o=n coefficient i calcu lat d for the four \ ert i cal ides of H 
by th 1'0 1 10\\ ing equation [ 93 ] .  
{ 
1/ } 2 
0.387RaL 6 Nu = 0 .825 + B [ 1 + (0 492/pr)9/16 ] /27 
k h = - Nu L 
( 4  - 3 )  
( 4  - 4 )  
( 4  - 5 )  
The atural  Convect ion coefficient i s  calculated for the horizontal s ides ( Top-
ide)  of H by the fol lowing equation [93 ] .  
L = As = L2 = !:. c P 4L 4 
O.387Ra�6 
{ 
[ 1 + (O.492/P,) '/" J " 
Nu = 0.82 5  + 8/ 
k h = - Nu Lc 
} 2 
( 4  - 6 
( 4  - 7 )  
( 4  - 8 )  
(4 - 9) 
The heat convection coefficients for each case at  d i fferent heat inputs for both 
the vert ical and horizontal sides of HS is calculated and tabulated in Table 6. 
5 2  
I H eat convection coefficient 
PO'Hr Ie, el HS integrated H integrated H integrated Empt) I \\ i th  a l t  
h � d rate 
\\ ith Paraffin \\ i th  i l k-fat H 
( W  1m2 . °C) ( W  1m
2 . °C) (W 1m2 .  °C) (W 1m2 .  °C) 
Vertical ide 4 .9" 4 .95 4 .96 5 . 1 4  
4 W  1 1  rizontaJ 
ide 5 .49 5 . 50 5 . 5 1 5 .66 
ert ical ide 5 .25  5 . 29 5 . 29 5 . 34 
6 '0.'  Horizontal 
ide 5 . 79
 5 . 79 5 . 80 5 . 87  
ertical  ide 5 . 56  5 . 56 5 . 56  5 . 58  
8 \\'  Horizontal 
i de 5 .89 5 .90 5 . 9 1  5 .96 
Vertical ide 5 . 76 5 . 77 5 . 78 5 . 83 
l O W Horizontal 
ide 
6 .02 6.05 6.06 6 .2 1 
Table 6 :  Heat conyect ion coeffic ient of heat sink  under natural convection 
The Forced Convection coeffic ient was calculated for the four vert ical surfaces of 
H u ing the fol lowing equat ions:  
VL ReL = ­v 
Lam i nar: Nu = 
h
kL = 0 .453 Ref's Pr 1h 
Turbulent:  Nu = 
hL = 0.0308 Ref.8 Pr1h k 
k 
h = - Nu L 
(-+ - 1 0 ) 
(4  - 1 1 ) 
0.6 � Pr � 60 
( 4  - 1 2 ) 
( 4 - 1 3 )  
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The air nO\\ \ e locit} \ er the I I  urface are mea ured u ing 1 in i -Van 
ncmometer d \ ice .  The \ el c i t) ha been mea ured at three d ifferent p i t ions for 
each uri'ace from \\ hich the a\'erag of the three reading is  calculated . F igure 2.+ 
ho\\ the H uri'ace and the measured air peed \ alue experimenta l ly .  
, 
Heat flux 
ides 
S ide 1 
S ide 2 
S ide 3 
S ide 4 
S ide 5 
I I 
I 
• 
. -- ---
Ali flow ---
---
--
-----
--- ----
Ai r flow 
( m/s) 
2 .4 
1 . 7 
0 .2  
1 .3 
2 
F igure 2-t.:  Air  now veloc i ty values for each side ( wal l )  of the heat s ink 
After mea uring the air speed experimenta l ly  using Min i -Vane CFM 
Anemometer, equat ions ( 4- 1 0 . 1  L 1 2 . 1 3 ) are used to calculate convection heat los 
coefficient for each side of the H at the d ifferent power level (4  W. 6 W,  8W and l OW )  
as tabulated i n  Table 7 according the sides name shown in  Figure 24. 
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Com ection heat los coefficient  
POl' er  leve l  
(W 1m2 . ° C) 
-
ide 1 ] 4 .07 
ide :2 1 1 .4 1  
-l W  ide 3 5 . 7 1  
ide 4 9 .89 
ide 5 ] " . ] 0  
ide 1 1 4 .42 
ide 2 1 1 . 76 
I----
6 W  ide 3 6 .06 
ide -l 1 0 .24 
S id 5 1 3 . 39  
' de 1 I 1 4 68 
I ! I ide 2 1 2 .02 
I I I 
8 W  ide 3 6 .32 
I I S ide 4 1 0 .50 I 
I 
ide 5 I 1 3 . 50 
S ide 1 1 4 .89 
I I S ide 2 1 2 .23 
1 0  W i de 3 6 .53  
S ide 4 1 0 . 7 1  
S ide 5 1 3 .65 
Table 7: Heat convection coeffic ient of heat sink under forced convect ion 
4.3.2 .3 H eat  Lo b� Radiat ion 
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The e\.temal ide of th H i exp ed 1 mi\:ed heat tran fer mode v. hleh 
are COI1 \  eetion and rad iat ion. Rad iation. nerg) ( ran mit1ed from oure through a 
material med ium in  f rm of part ic le . heat tran fer mode take place in form of 
el ctromagn t ic \\ a\ e main l)  in the infrared region. The radiation i s  calculated for 
the 1 1  top ide and other four ide as the fol lovy ing :  
Where. 
: Heat ink ide area em:! ) 
F 1 -->2 : Vie\\ factor ( 0 0 Detem1i ned from Figure 23 ) 
0' :  tefan-Boltzmann constant = 5 .670 x 1 0-8 (W /m 2 . K 4 )  
( 4 - ] 4 )  
The radiation i set i n  A YS  software at infini ty ( far urface )  temperature of 
42 °C ( 3 1 5  k )  for the top wal l  and 3 7 °C ( 3 1 0  k )  for other sides found from 
experimentat ion.  The H is painted b lack to assure black body emission. The 
advantage of model ing radiation \\,' i th A YS rather than adding radiation as 
combined convection coefficient that i t  al low the variat ion of radiation thennal 
re i stance which is  more appropriate to reflect real condi t ions . 
.t.3.3 N u merical  S i m u lat ion Proced u re 
sing ANSY Fluent ( version 1 5 ) , two-phase conjugate heat transfer i s  used 
in s imulat ion analysis .  The Energy equation and the momentum equation are activated . 
The laminar flow i s  used i n  the heat s ink mode l .  The materials used in  the model are 
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sol id "Aluminum" for the H finned enc10 ur and the PC 1 fi l led in the H elected 
a a Jluid " alt l I ) drate. Paraffin and 1 i lk-faC. The melt ing and o l id ification option 
i' act i \  aled in the Fluent program to imulate b ha\ ior of the P M .  The bottom ide 
of the H i ubjected to unifonll heat flux calcu lat d according to the Power input 
OWl' the heat generated ar a \\ h i le  the other heat ink \\ a l l  are subjected to mixed beat 
10 . Each run i et for 1 t ime tep \\ ith _0 iterat ion per t ime step and \\ i th a run t ime 
of -woo i terat ion (a lmo t 66 minute ) .  th t im needed for the material to complete 
melt ing and reach the tead tate to al low o lut ion com ergence. The temperature i 
plotted ver us t ime fi r ba e v, a l l .  top wall and side wal ls .  The l iquid fraction is  al 0 
p lotted \ er u t ime to show the progre of phase change for each material dur ing each 
run . 
-tA u m erical Analysis Me h I ndependent  Study 
The me hing for the produced H geometry is  created in  the A Y meshing 
appl ication. A mesh convergence mean computing the sol ution on uccessively finer 
grid unt i l  the sol ut ion become i ndependent of mesh size. Mesh independence study 
ha been can-ied out as per the fol lov,ring teps: 
teD 1 : I n  the tirst simulat ion.  analysis of the in i t ia l  mesh is  conducted and the 
temperature profi le  with t ime for the HS is recorded. 
teD 2 :  Re-meshing the geometry with finer mesh and then resolve the problem 
with same boundary condit ions. 
SteD 3 :  Mesh independence i s  eva luated by monitoring the results of one point 
with t ime using both mesh s izes. The process i s  can-ied out more than once unt i l  the 
convergence is achieved with an a l lowable tolerance is less than 2%. The mesh 
i ndependent solut ion is achieved when the sol ution is not changing anymore with 
57 
funh r me h refi nement . Figure 25 h v. th tran ient temp rature [or d ifferent me h 
i7cs \\ hich ho\,\ that re u l t  keep changing unt i l  th me h element ize reache 
0 .000 � mm. fter that. an) refinement o[  the me h produ e no igru ficant chang and 
the tran ient temperature become ind pendent [ me h size belo\,\ an element ize of 
0.0005 mm a ho\\ n \\ i th me h iz  of 0.000 ] mm. Hence. to reduce computation 
tim . the me h \\ i th el ment of 0.0005m j u ed i n  thi numerical tud) . 
3 20 
M h ize 
" 1 5  
ize 0.005 
ize 0 .002 
ize 0 .00 1 
ize 0 .0005 
i ncrea e i ng • • .l .s. �.-• .: .:. :'  
....... .I� &. ..... .1,$ &. 
� -
300 
295 
o 
..,... .. ....... .1 .. 
ize 0 .000 ] � ..  , 
,.,."., .... -- - - - - - - - -/\'x:. �-�. - . . - . ' - " - " - " - " 
" 
/ 
/ 
1 � 30 45 60 75 
Time FlolV (min) 
Figure 25 :  Me h i ndependent study for heat s ink 
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The produced HS is meshed in A S YS software. The model i s  meshed with 
element s ize = 0.0005mm in soft scale. F igure 26 shows the meshed HS .  
( A )  
( B )  
t 
,� . 
t 
,� , 
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F igure 26: The computat ional mesh for the peM geometr (A ) ,  ( B )  i s  the 
computational mesh for the heat s ink geometry in the ANSYS meshing appl ication 
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C h a p t e r  5: Re u l t  a n d  Di  cu i o n  
5. 1 E ' perimen ta l  Re u J t  a n d  Di  cu  ion  
'I hrougb the e"\perimcntal e t  up explain  i n  chapter 3 .  various experiment were 
nduct �d to find out impact of mode of heat removal. inten ity of heat input and 
in l u  ion of d i fferent PCM on the thermal managem nt performance of the sy tem 
addre ' mode . The two mo ( common modes of heat removal namel) natural 
\ enti lation and fan p \"ered forced venti lation were invest igated under heat input of 
4 \\ ' .  6W. 8W and l OW for three PCMs. namely paraffin wa,<-RT 4 1 .  salt hydrate­
calci um chloride hexa-h) drate. and m i lk-fat . The experimental campaign can be 
di t ingui shed by four di crete et of experiments as: 
] )  Thermal management experiment with metal l ic finned heat i nk under natural 
\ enti lat ion. ( \\ 'OPCM- atura] convect ion)  
2 )  Thermal management experim nts  with metal l ic fi nned heat s ink under forced 
\ ent i lat ion .  ( WOPCM-Forced convect ion)  
3 )  Thermal management experiments with meta l l i c  finned heat s i nk fi l led with PCM 
under natural vent i lat ion. (WPCM- atural con  ection)  
-l )  Them1al management experiments wi th  meta l l i c  finned heat s ink fi l led with PCM 
under to forced vent i l at ion.  ( WPCM-Forced convect ion)  
AI ]  of the above mentioned ( 1 -4 )  experimental design were i nvestigated at  heat 
i nputs of 4 W - l OW to represent the medi urn to high heat generation densit ies common 
i n  today ' s  compact electronic packaging with 2W heat i nput i ncrease in each 
subsequent experiment. I n  order to avoid repet i t ion, the results for 6W heat i nput are 
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presented in thi ect i  n a temperature and melt fract ion d iagrams to ho\', the impact 
of P 1 on temperature ntrol of e lectron ic  and the durat ion of temperature contro l .  
The e'\perimental re ul t  f r -l W. 8W and l OW heat input are d iscussed in  the thi 
e t ion a' pot ntial de\ iat ion from 6W in term f temperature contro l  and t ime taken 
for complete P melt ing however the figure are presented in  Appendix 2 .  In thi 
e t ion. at fir  t the effectivene of d i fferent mode of heat removal is compared whi le 
the t) pe of PCl\1 i fixed i n  one set of experiment and secondly the effect i vene s of 
d i fferent PC f for heat removal i s  com par d whi l  t h  mode of  heat removal i kept 
con tant .  
5. 1 . 1  Comparison of D i fferen t  M odes of H ea t  Removal 
I n  order to compare the thermal  management performance of different modes 
of heat remo\ aL peM was fixed in each mode of heat removal and i t  wa subject to 
heat inputs ranging from -l W - l OW.  The temperatures are measured at three locat ions 
on bottom side of HS (Thermocouple locat ion in ection 3 . 1 . 5 .  F igure 1 5 ) and the 
average of the three is plotted against t ime to represent the un iform heat i nput on the 
surface. The re u l ts  are plotted as the t ime-temperature graphs for a l l  the four modes 
of heat removal a one data et for each of the three PCMs i nvestigated at 6W heat 
through F igure 27 to F igure 29.  
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F igure 27 :  The heat generated \ ariat ion with t ime for the four modes of heat removal 
while u i ng calc ium chloride hydrate as PCM under 6 W of heat input 
F igure 27  show the temperature ri e of the heat i nk surface for the four modes 
heat removal under po\;\:er i nput of 6W ( mentioned previously in section 5 . 1 )  and with 
u ing calc ium chloride hydrate a PCM. The results how that the temperature for 
reference ca e ( WOPCM- atural convection ) as dotted red l i ne exhibits the h ighe t 
temperature of a l l  the rest of the three modes of heat removal . The gradient of 
temperature rise was steep in the begi lming however kept gradual l y  decrea ing unt i l  i t  
reached the steady state due to thermal equ i l ibrium with the surrounding. The them1al 
equ i l i br ium estab l i shed due to balance in the heat gain from the heat ing e lement on 
heat generator surface and the heat loss by natural con ection t hrough the heat s ink 
surfaces ( side wal l s  and the top surface) .  The i nc lusion of forced vent i lat ion 
( WOPCM-Forced con ection )  decreases the gradient of the temperature rise however 
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1'0110\\ the im i lar trend in temperature ri e as of natural com ection \\ hich repre ent 
the effect of inc lu  ion of ran n increa ed heat 10 s from the heat ink surfaces in  
ach ie\ ing thermal equi l i bri um at a lov, er temperature. When PCM is added to  heat 
ink under natural com ection ( repre ented b) the green l i ne in Figure 27 )  the 
temperature ri c \\ a teep \\ i tb high r gradient in  the beginning for Ie  s than a minute 
\'. hich hO\\ the en ible heat ing of th heat ink and the PCM.  t the pbase tran i t ion 
temperature ( 2 7 °C - 32 °C ), the temperature gradient reduced dramatical ly and the 
cun e ho\\ ed near isothermal behavior caused by the latent heat absorpt ion by the 
melt ing PC 1. The temperature remained near i othennal for up to 6 minutes and then 
tarted increa ing \\ ith a larger grad ient which show a h ift from latent heat ing to the 
ensible heat ing due to completion of the PCM melt ing. The gradient again started 
decrea ing to final ly reach the steady tate to heat balance between the heat gain from 
heating element and heat loss from the heat i nk boundaries. 
When adding PCM i nto the heat sink a time lag in temp rature rise is observed 
due to melt ing and latent heat absorption. In first 6 min.  the heat s ink with PCM shows 
a sign ificant drop in temperature over the other three modes. The graph shO\>.,:s that for 
fi rst 1 5  m inute the WPCM- atural convect ion ) achieved the m in imum temperature 
however it later on rai sed in temperature and shows a h igher temperature than the 
\VOPCM-Forced convect ion.  Us ing PCM shows a larger heat loss and temperature 
drop up to 1 5 °C compared to fan venti l at ion with no PCM .  In both natural venti lation 
and forced venti lation case. the temperature remains lower with peM inc lusion 
compared to without PCM at the start however the peM under natural convection 
shows h igher temperature than fan venti lat ion with and without peM after 1 5  m inutes 
of exposure \vhich shows that the peM alone cannot compete with fan alone 
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\ cnti lati n ) tem ler larg r e:-.po ure t ime mainl) due to completion of melting of the 
P 1 [ol lov, ed b) 'en ib Je h ati ng and heat retention, For comparing different mode 
of heat remO\ a1. t \\ 0 [ac tor ar important i . e  .. I )  the h ighe t near teady tate 
tcmperature reached hort t ime domain \\ hich how the capabi l ity to l imi t  
temperature bel  \\ e l1ain crit ical operat ion temperature and 2 )  the integral of the 
tran ient t ime-temperature c urve \\ hich h \,\ the net cool ing effect produced by each 
mode. F igure 27  how that the maximum temperature a t  the heat generat ing surface 
at 6 W i 75 ° \\ i thout u ing the PCM under natural convection whi le  using PCM 
under natural con\ ection redu es i t  to 62 ° due to PCM cool ing effect .  Inclusion of 
forced \ ent i lat ion \\ithout PCM reduce i t  further down to 50 °C and then inc lusion 
of PC \\ ith ferced vent i lation brings the temperature dO\\11 to 42 °C . I t  shows that 
combination of the fan pO\\'ered forced convection and the PCM i s  the opt imum choice 
for them1al management of the IC packaging in  th i  case . For the larger t ime expo ure 
(Appendix  3 .  F igures 53 -55 ) .  the steady state temperature under natural venti lation 
\\, i thout PCM )- ields temperatures of 60 °C 85  °C . 1 1 0 °C and 1 25 °C at 4 W. 8 W 
and l OW power inputs respecti e ly as a reference without using PCM and fan 
vent i lat ion. 
I t  can be observed that \\;hen the fan venti lat ion i s  coupled with the peM. the 
temperature remains alway lower than the rest of the three cases which shows that the 
combination of the peM and fan vent i lation can be effective even for a larger t ime 
exposure. however i t  may not be an opt ion for continuous operat ion as peM needs a 
non-operation t ime to get back to sol id  to be ready for the next duty cycle. I t  concludes 
that for a short t ime transient thermal management, the inc lusion of peM can be a 
better option than the forced convection thennal management system however, i t  
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cann t operat \ er a I ng t ime perat ion \\ her the fan powered forced com ection 
mode of heat remo\ al ti 1 1 dom inate . The actual operation t ime for \" hich the PC 
ba:ed cool ing pre\ai l depend on the heat input rat . the nature of the PCM in leml 
of latent heat offu ion and the amount of PCM determined by ize of the heat ink and 
the P 1 d n it) . Al though in  thi research a part icular size of heat s ink was u ed, 
ho\\ \ cr a future w ork can inv tigate d i fferent heat ink geometrie to al low for more 
P I a commodat ion to al lo\\ PC cool ing for longer t ime. 
1 00 
80 
C 0 "-
� , 
:::: 60 -I:::; , � 
� 
:: 
� 
-+0 
20 
---- . WOPCM- atural convection 
WPCM-Forced convection 
- \VPCM- atural convect ion 
" ..
.. ' ,
' 
� , ,
' 
,,
' ....- .....-" ---
" ......-
" ", 
,' / 
- -- -- -- - -- -
,'/ 
17 , 
o 5 1 0  
- - - -
-
1 5  
Time (min) 
- - - - -
-
- - - - -- - -- - -- - -
20 25 
F igure 28: The temperature variation with t ime for the four operation modes whi le  
using paraffin  wax as  PCM under 6 W of heat input 
From F igure 28 shows the s imi lar comparison between four modes of heat 
removal however in th is case the peM is changed from salt hydrate to paraffin wax 
keeping the arne heat i nput of 6W. It shows that inc l  usion of peM in heat sink reduces 
the temperature rise of the heat s ink.  Temperature drops by 9 °e compared with using 
6 5  
fan on l �  v, h i le i t  dr p b�  12  0 than r ference mod ( natural com ect ion \\' i thout 
p �1 ) .  Fi l l i ng th parafJln in heat in�  a c mpanied \\ i th fan cool ing how the b 1 
performanc in  tenl1 of temperature drop i n  thi ca e to a \\ a ob n ed i n  th ca e 
of u mg alt h� drate i n  F igure _7.  
The im i lar beba\ ior i ob n ed \\- hen th PCM i changed to mi lk-fat ( F igure 
29 ) how e\ er the m i lk  fat ho\', Ie temperatur drop compared to the alt hydrat and 
the paraffin wax . The rea on being alt hydrat i ng performing better than the paraffin 
\\ a'\ and mi lk  rat i due to decrea ing ord r of density, heat of fusion and them1al 
conducti \  i t)' between alt hydrate, paraffin wax and mi lk  fat respecti ely explained in  
earl ier e t ion . 
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F igure 29: The temperature variation with t ime for the four operat ion modes whi le 
u i ng M i lk-fat as PCM under 6 W of heat i nput 
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ummarizing the Figure 27-29. in mo t ca e the highe t temperature reached 
at the end of experiment at the heat generat ing urface is lower in ca e of using PC 1 
compared to heat ink \\ i thout P 1 at a l l  power input of 4 W. 6W . 8W and l OW.  
\\ i th a l l  PC\.1s  and " i th  both the natural and forced com ction. 
I t  v. a not iced through the anal ) i of the re u l ts in ca e ofu ing external forced 
venti lation ) tem. hen fan i added wi thout PCM. it drop the temperature strongly 
to \t�r) 10\\ t mperature compared to natural vent i lation in  all power inputs from 4W-
l OW due to increa 'ed heat los from the urface of the heat s ink to the ambient . 
Thi s ho\\ ' that the forced convection i s  more effective in  heat removal from the heat 
ink compared to natural com ect ion.  However. it may be misleading in some case . 
a in  the tudied ca e the te t chamber was not expo ed to wind flows as happens in  
outdoor to  mimic  the real heat s ink  enc losure in  a packaged device. I n  some outdoor 
electronic  device exposures. the wind speeds may be much higher than \"hat was in  
the te t chamber and the natural convection may compete with forced convect ion in 
h igh wind speed regions and regime . o .  i t  needs sti l l  further research i n  test ing the 
effect of natural vent i lation and forced vent i l at ion with and \vi thout PCM when 
expo ed to outdoor wind speed as to \,'hat configurat ion can be opt imum. The future 
research may e l iminate the inc lusion of fan in  some spec i fic high wind speed locations 
and can rely  only on natural  con ection with PCM inc lus ion.  
In addit ion. the impact of using peM was found. The t ime lag and temperature 
drop i n  case of \\-'ith peM compared to without peM shows the coo l ing effect of 
adding peM under both natural and forced venti lation modes of heat removal .  It means 
inc lusion of each of the three types of PC \.1 i nto heat s inks with natural convection 
shows h igher temperature drop in first 1 5  min of heating than inclusion of fan ( forced 
67 
com e tion ) v,  i th ut PC 1 d minate oyer P M nl) . How e\ er. the combination of 
both the fan \ enti lation and the PCM ahva) maintain the 10\\ er temperature. Thi 
lead� to con lu ion that implem nti ng a P 1 i n  the heat ink \\ i l l  be \ ery u efu l  in  
thermal management oC the electronic deyice and the appl i cat ion i more suitable under 
c) c l ic thermal load ing condit i n ince in  al l ca e the P M complete melt ing in 
certa in  t im and then sho\\ a temperatur ris . o. it i recommended to use the H 
fi l led \\ i th P 1 for hort t ime operat ion or cyc l i c  operat ion such a witching 
operat ion \\ here PC 1 can be regenerated to sol id during off duty cycle to be ready [or 
the next C) c1e of heat ab orpt ion.  I t  aJ 0 recommended to u e the PCM since it ho\', 
th temperature drop compared with the fan s 'stem . 
For c lear understanding of PCM comparat ive perfom1ance in terms 
temperature drop. the experimental data is presented in t ime-temperature graphs of 
heat generating on the bottom ide of H surface comparing a J l  the three PCMs to the 
reference ca e ( natural convection v,:ithout PCM ) . Figure 30 pre ent the results of the 
PC�l  heat ing curve for each power i nput under natural convect ion. 
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Figure 30 :  The heat ing curves for heat s ink fi l led with di fferent PCMs are compared 
to the reference case heat s ink without PCM under 6W heat input and natural 
convect ion condit ion 
In ca e of  u ing natural convection cool ing with PCM i ntegrated in  heat s ink 
( hO\\TI i n  F igme 30 ). during the first few minutes of the experiment . m i lk -fat shows 
higher coo l i ng effect compared to salt hydrate and Paraffin  wax 6W. However. over 
the whole t ime duration of the experiment up-to 60 minutes. salt hydrate shows 
superior coo l ing perfom1ance compared to paraffi n  wa.-x and mi lk -fat. The ame trend 
is observed for natural convect ion coo l i ng with PCM for a l l  the rest of the heat inputs 
of -tW. 8W and l OW respect ively ( Appendix 3, Figure 56). This shows that the sal t 
hydrates i s  more appropriate option when i t  comes to temperature control over a longer 
t ime (60 m in  under natural convection. 25 m in  under forced convect ion) .  
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F igure 3 1 :  The heat ing CUf\'e for heat s ink fi l led \,v i th d i fferent PCMs are compared 
to the reference case heat s ink without PCM und r 6W heat input and forced 
convect ion condi t ion 
Applying forced vent i l at ion coupled with PCM during a heat ing cyc le  
improve the coo l ing performance for the system compared to natural venti lation with 
PC 1 a evident from Figure 3 1 ,  The m i lk -fat yields a better temperature drop than 
paraffin wax and salt hydrate at the tart howe er the salt hydrate perfoID1s  better both 
m i l k  fat and paraffin  wax a long terms exposure.  S imi lar to what was observed in  
F igure 30. the m i l k  fat i s  less effective compared to both paraffin and salt at higher 
temperatures and longer t ime exposure mainly due to its lower melt ing point and early 
start and completion of melt ing. The s imi lar trend is observed at the rest of the heat 
i nput leve ls  of 4W, 8W and l OW (Appendix 3 ,  F igure 57 ) .  
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J t  i ·  a ls  c lear that in  ca  of forced com ection ( Figur 3 1 )  that th  mi lk -fat 
perform d the be t among t the P 1 ror the fi r t 5 minute . ince mi lk  fat has the 
lo\\ e t melt ing point of al l .  i t  indicate that at the tali. the coo l ing is dominated b) the 
iTect or melt ing temperature f the P e\ erthele . beyond the 5 minute . the rat-
m i l k  capabi l i t) to ab orb heat reduce du t completion of melt ing cau ed by its I wer 
heat of fusion. the other t\\ 0 P M ( mainl calci um chloride which ha higher latent 
heat \\ hen compared to the re t of PC ) tart melt ing forc ing temperature to sta) 
lovv er than the re t of PCM .  On the contrary. in natural convection case ( F igure 30 ) .  
th tart of experiment i dominated by the conduction heat transfer ( as material sti l l  
o l i d )  0 calc ium hydrate dominate the coo l ing perfonnan e s ince i t  h a  the highest 
them1al conduct i \  it) compared to paraffin wax and mi lk  fats . 
Concl ud ing F igure 30 and 3 1  show that the forced convection combined with 
PC 1 ach ieye the lowe t po ib le temperature of a l l  modes of operations however. i n  
addi t ion to  i ncreased cool ing effect .  the coupl ing of the PCM in electronic packaging 
,,"ith fan has an important safety d imen ion as wel l .  In case of fan fai l ure with forced 
yenti lation only system. the coo l i ng ystem may stop and the device operation may be 
intervened or el e the device may over heat and fai l .  Coup l ing PCM with fan wi l l  
always guarantee that i n  case of fan fai l ure. the PCM can st i l l  regulate de ice 
temperature and can perfoffi1 the operation and protect the device from fai l ure for 
certain t ime needed for automat ic  fau l t  d iagnost ic fixation or a routine device shut 
dO\\TI procedure as appropriate . As a conclusion. configurat ion of forced enti lat ion 
combined with PCM maintains the lowe t temperature of al l four cases for short period 
of t ime ba ed on the type of the used PCM. Therefore. a combinat ion of forced 
7 1  
com ection through fan and lat�nt heat ab  rpt ion based cool ing through P 1 i more 
effect i\ e option for co l i ng e lectr n ic packaging. 
It i recommended to u e the H fi l led with P 1 in the c) c l i c  operation uch 
a \\ i tch ing operat ion or the application need to have a huge temperature drop at the 
tart ing p rat ion. It al 0 recommended to u pe M int egrated into a H t prov ide a 
backup p3 i\e cool ing upport e pec ia l l  " i n  ca e of fai l ure of the fan ystem during 
operat ion a an addi t ional safet) cover. 
The experimental data for integrated t ime-temperature d ifference graphs for a l l  
ca e using the three peM compared wi th  reference case \vi thout peM i s  summarized 
in a bar chart to compare the net temperature drop ach ieved by each peM ( Calcium 
ch loride. Paraffll1 wax and Mi lk -fat) o\"er the whole durat ion of the experiment t i l l  
tead\ tate in F igure 32 .  
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Figure 32 :  The temperature drop achieved by integrating PCM (Calc ium chloride, 
Paraffin wax and Mi lk-fat ) in the heat s ink surface for both venti l at ion system 
From the bar chari re u l ts  ( Figure 3 2 ), i t  is c learly ob erved that calcium 
chloride produced h ighe t i ntegral of t ime-temperature drop which means highest 
thermal regulat ion .  It provide h ighest amount of coo l ing for the whole durat ion of 
heati ng cyc le  under both natural convection and forced convection regimes for a l l  
tested heat i nputs. 
Paraffin wax ach ie e better coo l ing thar1 mi lk -fat under natural convection for 
a l l  heat inputs which i s  understandable a paraffin has higher heat of fusion than m i l k  
fats . On  the contrary_ the m i l k-fat performs better than paraffin for forced convection, 
how'ever the proven reason for th is  contradict ion i s  not wel l  understood and studied 
and needs further experimentation .  A lthough i t  needs experimental val idation. i t  seems 
lower melt ing point and wider melt ing range of m i l k  fat ( 1 0  DC - 40 DC ) combined with 
7 3  
r rced vent i lation help remove heat at 10\\ er temperature than th paraffin \\ h ich 
melts at h igher temperature ( 3 7  °e - '+3 ° ) and all \\ s the heat s ink fil led \\ i th paraffin 
to rai in temperature at tart and l im i ted t ime of experiment. 
5. 1 . 2 Coo l i ng  c u n  e perfo rma n ce for d ifferen t  r C M  
The re- o l id i fi cation r regen rat ion for each peM during the non-operat ion 
or o ff·duty cycle i an imp rtant factor \\'h ich detemlines the cool ing performance. 
choice of the P 1 and t ime lap e betv" een duty cycle of the device for a part icular 
application. hould the peM take longer t ime to re- o l id if) or regenerate. i t  may be 
attributed to ei ther the theml s-ph sical propert ie of the peM or the design of the 
PCM containment. the heat s ink in thi case. In  order to understand the regenerat ion 
behavior, the melted PCM in heat ink i s  subjected to both forced convection and 
natural COIn' ct ion unti l  complete o l id ification. The resul ts  are plotted for the 
temperature of tbe heat generati ng surface at the heat input of = 6W a shown Figure 
3 3  and F igure "'.+. 
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Figure 3 3 :  The PCM regeneration previously fi l led in  heat s ink for the materials 
namel) , Calc ium chloride. Paraffin wax and M i lk-fats subjected to heat i nput= 6W 
under forced convection 
From the F igure 3 3 .  in ca e of forced vent i lation. a l l  the PCMs cool down with 
a im i lar gradient unt i l  the start of the sol id ification .  In case of mi lk  fat .  i t  does not 
hm\ a c lear transi t ion from l iqu id to o l id as expected as the sol id ification range i s  
qu i te l arger (40 °C - 1 0 °C )  and may not hm a c lear boundaries of transit ion in  terms 
of temperature. The paraffin wax shows a drop in temperature gradient between (43 
°C - 3 7°C) which represent the start and end of sol id ification s imi lar to start and end 
of melt ing i n  the previous sections. The sal t hydrate coo ls  below melt ing range ( 27 °C 
- 32 °C ) dovv'l1 to about 1 6 °C in order to crysta l l i ze and start sol id ificat ion and then 
rises up to the sol id i fi cat ion temperature to complete sol id ification as shown by the 
red c i rc le .  This phenomena is cal led sub-cool ing and is very common in salts which 
makes i t  d i fficul t  to remove heat from them especial ly  i f PCM melting points fal l  near 
7 5  
ambient temperature a j in th i  ca e .  The ub co l i ng i not ob 1\  d in paraffIn \\ a", 
or mi lk-Cat \\ hich mean e\ en i f  the) pr duce Ie cool ing e f ect than alt hydrates, the) 
are upcrior in terms or cry tal l izat ion and o l id i fi ation and can re- o l id i f) around 
ambient tcmperatur for a c nt inuou operat ion. In other \\ ord. during the extract ion 
of the tored heat. salt ub-cool be� re freezing which dr p their regeneration 
temperature far belo\', th actual sol idu temperature. Thi phenomena doe not onl)  
happen in  � rced \ enti lation but al o. bappen in natural \ 'enti lat ion cool ing y tem as 
ho\\n in Figure 34 .  
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F igure 34 : Tbe PCM regeneration previously fi l led in  heat s ink for the material 
namely.  Calc ium chloride. Paraffin wax and M i lk-fats subjected to heat input 6W 
under natural convect ion 
From Figure 33 and 34. the regeneration temperatures of salt hydrate-calc ium 
chloride hexa-hydrate fal l s  down to ( l 8- 1 6°C ) from sol idus temperature of27  DC. This 
reduces restricts use of the materials and. in  severe condi t ions. can completely prevent 
7 6  
PC� l  regenerat ion to be read) for the next heat ing cyc le .  The P 1 re- o l id i fi cation 
time for all th P preyiou I} ubj ct d to \ arioLl heat load wlder natural 
COI1 \  ection and forced am ection i summarized in Table 8 .  
Calc ium ch loride 
Pa raffi n wax 
b� d rate 
a t u ra l  Forced a l u ra l  Forccd 
com cet ion eon\ cet ion com ect ion con\ eet ion 
( m i n )  ( m i n )  ( m i n )  ( m i n )  
4 W  1 05 45 95 3 8  
6W 1 _5 50 1 1 4 40 
8W 1 55 50 1 20 42 
l OW 7 ') -- - ) 53 1 30 3 7  
Mi l k-fat 
Nat u ra l  Forced 
eon\ cet ion eon\ cet ion 
( m i n )  ( m i n )  
80 28  
83  30  
85  2 7  
87  30 
Table 8:  The t ime for sol id ification for three PCMs fi l led in  heat s ink pre iously 
ubjected to d ifferent heat inputs under natural convection and forced convect ion 
5.2 N u merical Re u l ts a n d  Di cuss ion 
The CFD model for the heat ink integrated with the peM i numerical l y  
estab l i shed for the system d iscussed i n  the experimental sect ion under same material 
proper6es and s imi lar condit ions. ext sub ect ion d iscuss numerical val i dation using 
experimental results which is fol lowed by numerical opt im izat ion of the a l idated 
model . 
77 
5.2 . 1 ;\ u m  rica! Val idat ion  v ia  E perimenta l  Re ult  
5.2. 1 . 1  i\ l odel  \ a l idat ion " i th  d ifferen t  heat i npu t  
In  thi ect i  n .  c l i ng beha\ ior of one P M i t ted at di fferent power inputs. 
The temperature of  heat generat ion surface at a range of heat input are pre ented 
for 'alt h) drate ( calc ium chloride he a) hydrate material numerical l ,  and 
experim nta l l )  under the same condit ion ( a  hO\\'n i n  Figure 3 5 .  36. 3 7  and 3 8  for 
po\\ er input -l\\'.  6W. W and l OW re pect i \  e ly ) .  
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F igure 3 5 :  imulat ion and Experimental result  o f  temperature for al t  Calc ium 
hydrate at heat power of  4 W under natural convection 
20  
F igure 35  c learly shows a s l ight over predict ion a t  the lower temperature 
reg imes for s imu lated temperature which i s  possibly because of higher melt ing onset 
input to the mode l .  The melt ing onset is determined from DSC. wh ich may have an 
error of 2-3 dc . Overa lL a good agreement is noticed between the s imulation and the 
78 
e ' pt:nm ntal re u l t  f the heat inl. fi l l ed \\ ith the alt h) drate at heat load of 4 W 
\\ hich ho\\ that the 111 del re l iable to predict P 1 performance at lower heat 
input . 
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Figure 36 :  imulation and Experimental result of temperature for a l t  Calc ium 
hydrate at heat power of 6W under natural convection 
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From the numerical results of the PCM ( salt hydrate ) present i n  Figure 36,  a 
s l ight over prediction at lo\'\'er temperatures and a s l ight under predict ion during 
mel t ing and med ium temperatures i s  observed in  the s imulation resul t  compared to 
experiment ho\,,:ever the standard de iation remains under 5% bei ng acceptable .  The 
reason is not c learl y  understood, but the pos ib i l i t ies are s l ight ly higher melt ing point 
and s l ight ly  h igher heat of fusion being used in numerical s imulation achieved through 
D C results due to standard device errors . The simulat ion parameters are achieved 
from DSC which may contain about 5% en"or due to very sma l l  sample size ( 3 - 5  mg) 
and sen i t iv i ty  of  peM thenno-physical propert ies based on sample composition, 
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heating rate and deh) drat ion. Ith ugh. num rical re li l t  ho\\ that ideal i othem1al 
melt i ng cun e \\ h i le  the �p rimental curve part ial ly deviate from i othermal . due to 
the natural ol1 \ ect ion \\ i th in mel ted PC 1 v. hich i not con idered in the m del . sti l l  
the rc  u l t  are In go d agre menl \\ i th deviation Ie s than �% . 
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F igure 3 7 :  imulat ion and Experimental result o f  temperature for alt Calcium 
hydrate at heat power of 8W under natural convection 
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From F igure 3 7, the numerical and experimental results of temperature profile 
for the PC 1 at  8 W  under the natural convection show s imi lar results observed at  4 W 
and 6W with percentage error less than 5%. I n  both the cases the materi al starts to melt 
at the same temperature and completes melt ing almost at the same temperature and 
then the temperature which shows that the results are val idated and repeatable .  
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Figure 3 8 :  imulation and Experimental re u l t  o f  temperature for Salt Calcium 
hydrate at heat power of l OW Lmder natural con ect ion 
F igure 3 8  pre ents the compari on of experimental and numerical re u l t  the 
heat ink temperature evolut ion fi l l ed with PCM at l OW heat input. The experimental 
re ult do indicate a start of melt ing but do not c learly sho a harp end of melt ing. 
The rea on can be attributed to the h igher heat input which simply damps the 
temperature gradient at tran it ion boundaries between sensible and latent heat 
ab orpt ion regimes due to faster i ntemal heat ing of the PCM .  The results sti l l  how a 
rea onable agreement between experiments and s imulation. however the de iation i s  
h igher than i n  the previous heat inputs o f  4W-8W. However, the general trend of 
temperature evol ut ion agree and the deviation sti l l  remain less than 5 % in the phase 
change regimes which i s  acceptable gi en than fact that natural convect ion within 
melted PCM ( which dominates at h igher heat inputs) and the DSC standard errors are 
ignored in  the model l ing i nputs. 
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from the pre\ i u pre ented data. the experimental re u l t  for the peM at 
\ ariou heat input agr e \\ i th numerical re ult  \\ i thin acceptable deviation so tbe 
imulation model i \ a l idated. 
From Figure "' 5 - 38. i t  ob en ed that increa ing the heat input \\- h i le keeping 
the ame amount or peM \\ i l l  a l lo\\ the material to melt fa ter and reduce temperature 
regulat i  n t ime .  a Jc ium ch loride hexa h) drat takes 1 8  min to complete melt ing at 
-lW \-, h i le  at l O W it completely melt i n  onl) 9 min. The rea on i s  when the material 
i 'ubjected for tbe h igher heat input with the same peM amount. the temperature of 
the enc lo ure \\ i l l  rapidl) incr ase and that temperature \-\ i l l  be ab orbed by the peM 
and al lowing the peM to melt faster. The t ime to completely melt against a certain 
power input wi 1 1  decide the choice of the type of peM and the amount of peM ba ed 
on duration of the duty cycles for a device .  However, add it ional amount of PCM could 
be added to the enclosure for uch appl icat ion which needs h igh heat power input and 
longer t ime to operate b. an appropriate heat s ink s ize .  
5.2 . 1 .2 M odel  va l ida t ion w ith  d i fferen t  pe M 
A a further upport i ng study. the analysis i s  extended to test tbe d i fferent types 
of peM . The numerical ana lys i  using A SYS 3D Fluent model are carried out for 
the mentioned fi ruled heat s ink subjected to the fixed heat i nput of 6W with d i fferent 
PCMs under the forced convect ion. F igure 39. 40 and 4 1  present that s imulat ion results 
for the d ifferent PCMs :  Salt  Calcium h drate. Paraffin wax and Mi lk -Fat, respectively .  
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F igure 3 9 :  imulation and Experimental result o f  heat generated at heat power of 
6V./ und r forced convect ion for Salt Calcium hydrate 
From F igure 39.  although the numerical predict ion of the heat generator urface 
temperature for alt hydrate i lower than the experiment temperature. Ho\ ever, t he 
material how a consistent agreement a l l  over the m I t ing regime between both 
experimental and imulat ion results .  
60 
5 5  
C 50 0 '--
� -+ -.... 
::: -� � 40 
� ::: 
� 3S 
30  
2S  
0 
-- · xpcrimentaJ Re u l ts 
- - -
- - - - - - -
5 1 0  1 5  
Time (mill) 
- - - - - - -
-
20 
" - , '  
, , , , 
83 
25 
F igure 40 :  imulation and Experimental re u l t  of heat generated at  heat power =6W 
under forced convect ion for Paraffin 
In F igure -+0. the paraffin wax is show a strong agreement between the 
numerical and the experimental resul ts at the beg inn i ng of the melt ing process for the 
material unt i l  a lmost the middle of the mel t ing regime up to 1 2  minutes. Beyond that 
the experimental results d iffer from the numerical re u l ts .  The rea on being that in 
experimental case. the PCM completes melt ing and start sensible heating and rise in  
temperature gradient whi l e  in  the  numerical ca e the  peM sti l l  keeps melt ing near 
i sothemlal . The cau e can be e ither the h igher heat of fusion or higher density or both 
bei ng i nput to the model due to standard elTor in the D C results .  
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Figur 4 1 : imulation and Experimental resu l t  of heat generated at heat power = 6W 
under forced conyection for M i lk-Fat 
F igure -+ 1 pre ent the data for the temperature rise through s imulation and 
experiment for m i l k  fat . The numerical and experimental results of the mi lk  fat 
material are i n  good agreement for the subjected heat inputs. however the curve i not 
con i tent oyer the heat ing period. In the beginning the numerical temperature i s  
higher up to  5 minutes and after that the experimental result show higher temperature 
than s imulat ion.  That could be explained b the const i tuents of the fat that consists of 
more than one components � hich melt at d ifferent temperature ( showing more than 
one tart and end of melt ing) however in numerical s imulation \lv'ith this present model. 
i t  i s  possible to fL'( only one range of start and end of melting which is put as ( 1 00 C -
400 C )  which may not represent the t rue PCM behavior at certain t ime in t ime-
temperature c urve and cause deviat ion.  However. the resul ts in  general are within 
acceptable deviation of under 5 %. 
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I n  general .  f igure "9 . 40 and 4 1  h \\ that imulation r ult  for a l l  the te ted 
are in a good agreement \\ i th the exp rimental re ult  conducted under 
the ame c ndit ion \\ ith acceptable error de\ iation. The numerical re ult mo t ly 
predicted higher temperature drop compared to experimental re Ul l  h wever the 
de\ ialion remai ned withi n ac eptable range of 5 �o given the a sumption of ignori ng 
natural C011\ ect ion \\ i th in PC and tandard error in ource of n u merical i nputs ( D  ) .  
5.3.2 Tu m e rical  Opt i m izat ion of H eat i n k  G eom etr-y 
Paraffin wax i u ed in the opt imizat ion analysis a a peM integrated in  the 
H . One parameter is te t i  ng \\ h i le  the other material propertie  are kept constant 
through the anal)' is .  
5.3. 2 . 1  H eat  i n k  height 
I ncrea ing the height of heat s ink wi l l  accordingly increase the size of the heat 
ink along with fin height ( H  j in nm1 ) al lowing more peM quant i t  packed in the 
heat i nk .  F igure 42 how the melt fract ion for d ifferent heights of heat sinks using 
yol umetric l iqu id fraction ( ratio  of vol ume of l iqu id  peM to the volume of peM at 
any i n  tant ) v;hich  i s  a mea ure of  melt ing progression. 
1 . 2 
O .  
-... 
.S= 
-1...1 0.6 :::: 
� 
� 
' -
:::; 
::::- 0.4 ' -� 
0.2 
o 
o 
I I I I I I I I I I 
" I 
, - - - - - - - .".- - - -- - - . " " I / I I I I I 
/ 
! " l ncrea ing H Height - - - - H=201111l1 " I - - - H=3011111l I I " I H=40111 111 
" I H=501111ll 
86 
I
.�/ ---------------==------=------�============� !',& 
1 0  30 
Time (min) 
40 50 60 
F igure 42 :  The effect of increa ing the heat s ink height on the l iqu id fract ion of the 
PCM ( Paraffin )  at 6W 
From the F igure 42. the t ime for melt ing i i ncreasing from 1 3  min to 65 min 
a the heat i nk height i ncrea es  from 20 mm to 50 mm. which show the t ime for 
which the heat i nk can regulate the temperature of heat generator surface of the 
de\ i ce .  Thi i expected due to the increase in the material amount due to larger 
enclo ure volume achieved by i ncreasing heat s ink height. The impact of i ncreasing 
heat sink height (result ing in an increa e of the amount of PCM )  on the temperature 
drop of heat generator surface i s  shown i n  F igure 43 .  
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Figure 43 : The effect of i ncrea ing the heat s ink height on the temperature drop of 
the PCM ( Paraffin)  at 6W 
I t  is  c learly observed that the i ncreasing heat s ink height slow the temperature 
gro\\1h and v ice yer a. It could be explained that th is drop in temperature happened 
becau e of the latent heat which is added to the system with the addit ional amount of 
the PC 1. Thi curve helps to select the height of heat sinks depending on the required 
t ime operat ion of the dev ice and i ntensity of heat i nput which depends on operat ing 
condit ion of the electronics component . 
5.3.2.2 F in  hape  
The effect of us ing d i fferent fin shapes on the temperature drop of the heat s ink 
fi l led with PCM are evaluated in th is  sect ion.  The shape analysis of the fin wi l l  be 
constrained by keeping the volume of the fin constant. I n  th is  analysis the volume of 
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the fin remain con tant however the area per volum change due to fin hape which 
i s  rec iprocal to the fin compactne . Table 9 ho\', the \ ol ume and urface area-to-
\ ol ume rat io far each fi n hape. It i c lear that the r ctangular fin ha the h jghe 1 
surface ar a-lo-vol ume rat io fr m each fin hape u ed 
Fin hape o lume 
�/ 
� V 
-
r ....... 
I'..... ./ 
" -
5 7.6  
/ / 
V 
/ / 
V 
Su rface a rea 
Volume 
1 . 75 
2 . 1 
2 .4  
2 .34 
Table 9 :  Surface area to  volume rat ion for di fferent fin shape 
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rh heat ing cun e fi r the PC 1 at 6W u mg d i fferent Fin shape ( Circ le .  
Rectangular. quare and Triangular) i pre ented in F igure 44. 
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Figure 44 :  The heat ing curve for the PCM ( Paraffin )  at 6W using d ifferent Fin shape 
(C i rc le .  Rectangular, quare and Triangular) 
As the urface area of the object increases the heat losses increase. Therefore. 
from the table it is c learly understandable wh rectangular fin shape has better 
performance in cool ing the heat s ink because of its larger surface area-to-volume rat io .  
5.3.3 N um erical Ana lys i  for Artificial  Synthes ized pe M 
I n  th is  sect ion. description and examination of re lationship between d i fferent 
parameters of the heat s ink and PCM through the numerical s imulation model are 
presented . To understand the effect of d ifferent PCM on heat s ink and to guide material 
engineer in synthesizing new peM materia l .  material propert ies used in  the numerical 
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model rcprc ent paraffin .  The numerical model i s  u d to opt imize the P 1 property 
and the heat in\.. gcometr) under heat l oad of 6 W. The im e t igated parameters ar 
Thermal conduct iv i ty of the P 1 
o n it) or the P 1 
1e l t ing p int for the pure P 1 
1e I t ing range rcpre entat i \· or mix ing d iff! rent PCM 
Amount of ? 1\1 
5.3.3. 1 Thermal  conduct iv ity of PCM 
For an) materia l ,  the h igher i s  the th mlal conduct iv i ty .  the higher would be 
the heat transfer rate and the 100:ver temperature d i fference aero s the materia l .  
D pending on the t) pe of peM. the themlal conduct iv i ty dramat ica l ly changes from 
0. 1 -+  W m °C ( for fatty acids )  to 0 .8  W/m °C for sal ts hydrate . In F igure 45 ,  a range 
of thermal  conduct ivity value , are examined whi le the other material propert ies are 
kept con tant taken from the thermo -physical propert ies of paraffin \vax as a real 
material . F igure -+5 shows the temperature profi le  for the paraffin material ubjected 
to heat i nput of 6W at d ifferent thermal conductivity values ranging from 0. ] W/m °C 
to 0 . 8  W m °C representing thermal conduct iv it ies of wide range of real PCMs. 
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Figure .+ 5 :  The effect of i n  rea ing the thermal conductiv i ty of PCM ( Paraffi n )  at 6W 
on the temperature drop of heat s ink 
From the F igure 45  as the value of them1al conducti i ty increases the drop in  
temperature i ncrease represent ing improved coo l ing perfom1ance of the heat s ink.  
Increasing the thermal conductiv i ty of the PCM. wi l l  i ncrease the heat transfer rate 
\\ithin PCM and the heat \>':1 11 transp0I1s faster from the hot region to an adj acent cooler 
area ( heat s ink wal l s  t hrough PCM ) .  I ni t ia l l y  the drop in the temperature as thermal 
conductiv i ty i ncrease from 0 . 1 to 0 .2  is reasonably high ( 5  DC ) however the 
temperature drop started decrea ing and became min imal beyond the them1al 
conductiv i ty of 0.8 Wlm DC . I t  is conclude for th is  amount of PCM and spec ified 
geometry that the thermal conductiv i ty of 0 .8  Wlm DC is the maximum impactful 
conduct ivi t) \\ hich l uck i ly  represent the thermal conductiv i ty of real PCMs ( salt 
hydrate) .  I t  means any thermal conductiv i ty enhancers ( l i ke nano part ic les ) added into 
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alt  hydrate ar lea t expected t impro\ e the performance of the . tem howing that 
the salt natura l l )  the optimum conduct iv i t ie . Howe\ er  ince the paraffin 
v, a:-.e u cd in thi Iud) po e Ie thermal conduct i \  i t) (0 .2  Wlm DC ) .  they can be 
imprO\ ed by adding nano part ic le or other thennal conductiv i ty enhancer to 
moderatel) inc rea e the ir  thermal conduct i ,  i t ie to compete with the alt hydrate 
1 1  ha been rep rted that the thermal conduct iv i ty of P M increa ed by as much 
a ten fold . the approach i numerical l )  eval uated whi le  adding the themlal 
c nduct i\ i ty enhancer into P M to increa e their th 1111al conduct iv it ies beyond the 
e:-.i t ing ones. F igure -+6 how the impact of using the thermal conduct iv i ty enhancer 
on the coo l ing performance of the heat ink .  
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F igure 46: The effect of i ncreasing the thermal conductivity for PCM by using the 
enhancement at 6W on the temperature drop of Heat s ink 
From Figure 46 i t  can be seen that there i s  no substantial impact on coo l ing 
performance of  the peM whi le in  thermal conductiv ity i s  increased from 1 W/m °C to 
5 W'm °e. The reason can be attributed to the present heat s ink design which is already 
overwhelmed with thermal conducti i ty enhancing metal l i c  fins and does not have 
room for more improvement enhancement. In future the conductiv i ty enhancement can 
be studied with various heat ink designs with l ess number of fins to see the effect of 
peM thennal conductiv i ty enhancement on the heat s ink temperature drop. 
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" lgur 45 and 46 c n lude that usmg nhancement for low thermal 
conduct i \  i t) mal rial l i ke fattie 0. 1 \.\'/m 0 \\ i l l  impr \'e the c ol ing perfi rmance 
and in rea c the heat 10 \\ h i le u i ng enhancement for h igh thermal conduct i \  i t)' 
P 1 5  l i ke alt · \\ i l l  not atTect th cool ing performance. 
5.3.3.2 Den it) of P M 
Th den it) r the material \ "arie among t material and also with temperature 
and pre me. I n  thi ect ion. the effect of changing the den ity values ( from 802 kg/m3 
to 1 700 kg 1112 ) on the temp rature perf m1ance for the PCM by a sum ing other factors 
to ta) unchanged i inYest igated ubj cted to heat input of 6W as hown in F igure 47.  
The density values range i elected to repre ent range of exist ing PCMs obtained from 
l i terature . 
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F igure 47: The effect of changing the dens i ty of the material on the temperature 
profile 0 er a t ime 
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;\ the material den i t)  increa e the t mperature of the heat ink dec rea e 
pecial l )  \\ i th in the melt ing region of the materia l .  The drop of temperature i h igh 
fr m (p 800 kg 111 ' to p= 1 700 kg/mJ ) b) more than 20 0 degree. The den i t)' of 800 
kg m' repre ent paraffi n \\ ax \\ h i le  the den it) of 1 700 kg/mJ repre ent alt hydrate. 
F igure -1-6 ho\\ that the alt hydrate p rform much better than paraffin ju t due to 
h igher den it) . 
The den 'it) v, i l l  al a bay an effect on the l iquid fract ion of the peM a hO\;\ 11 
in Figure -1-8 .  the den i t )  in rea e , the t ime needed for the material to completely 
melt i i ncrea ing \\ bich mean a higher den ity peM can regulate temperature for 
longer duration of t ime within the ame heat s ink s ize compared to a low density peM .  
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F igure 48 : The effect on changing the density of the peM ( Paraffin)  on the Sol ids to 
L iquid ratio  a er a t ime 
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5.3.3.3 � le l t i ng  po int  for the  P 1 
hanging the melt ing point [or the material \\ i l l  d irect l y  affect i t  cool ing 
performance. numerical anal) i \\ a run f, r d i fferent melt ing rang to tudy that 
effect. F igure -+8 ho\\ h \\ th melt ing point ha ffect on the temperature of the 
heat generat ing _ urface for tbe paraffin wax at heat input of 6W. 
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F igure -+9:  The effect o f  changing the Mel t ing point range for the peM ( Paraffin)  at 
6W on the temperature drop of Heat s ink 
F igure 49 show . as the mel t ing temperature increases, the temperature drop 
on the heat generating surface decrease. I t  shows that the melt ing point of 3 7 °C ( 3 1 0  
K )  and 43 °C ( 3 1 6  K )  get s imi lar results and can be used for this type of heat s ink and 
power. Mel ting temperature ranges of (47 °e ( 320 K) to 53°C ( 326 K»)  and ( 52°C ( 325 
K) to 58°C ( 3 3 1 K )) take very long to melt  and a lso result  i n  h igher temperature and 
may not be sui table at the current heat i nput. So. the opt imum PCM selected for our 
experiments wi l l  have mel t ing point from 37°C ( 3 1 0K)  to 43°C ( 3 1 6K) .  It is expected 
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that the melt fract i n f th material \\ i l l  b changed a the melt ing point change. 
F igure 50 'h \\ the melt ing temperatur \\ i th th melt fraction for the paraffin wax at 
6 \\ . 
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F igure 50 :  The effect of changing the melt ing point range for peM ( Paraffin )  at 6W 
on the l iqu id fract ion drop of heat s ink 
From F igure 50 i t  i s  ob erved that lower melt ing point PCM complete melt ing 
faster and control temperature for shorter t ime compared to h igh melt ing point peM 
which  is contrary to the cool ing achieved where the lower melt ing point peM performs 
better. o. in real design s i tuation. it i a trade-off between the temperature to achie e 
and the t ime for temperature regulation which wi l l  d ictate the opt imum PCM for a 
part icu lar app l icat ion .  
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5.3.3A I ncrea i n(T  t h e  me l t i ng  region of t h e  P 1\1 by m i  " i o g  d iffere n t  material  
�1i;.. ing d i lTcrent P � 1  t gether \\ i l J  hange t h  i r  m I t ing range \', hich can be 
important l' r certain app\ i  ati n . In thi ection. mix ing of peM i repre ented by 
the ir  melt ing range and numerical anal) i i conducted taking re t of the thermo-
ph) i cal propert ie  of paraffin \\ ax apm1 from melting range subjected to heat input of 
6W. 
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F igure 5 1 :  The effect of i ncreasing the melt ing range for peM ( Paraffm )  at 6W on 
the temperature drop of Heat s ink . 
F igure 5 1  shows the effect of increase in  mel t ing range on the melt ing curve 
and temperature drop of the heat generator surface .  I t  shows that when the melt ing 
point i fixed 3 7 °C ( 3 1 0  K )  represent ing a pure exist ing peM the melt ing curve i s  
sharp \, h ich means i t  can control temperature within the nalTOW l im i t .  When rang of 
melt i ng i ncreases to 3 7 °C - 43 °e ( 3 1 0  K - 3 1 6 K )  which shows mixture of two 
materia ls with d ifferent melt ing points, the melt ing curve l i fts up and less sharp end of 
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mclt ing I b er\ ed \\ h ich ho\\ it undermine a trict temperature control at a fixed 
temperature. When the t mp rature range i further increa ed to .... 7°C - 48°C ( 3 1  O K  _ 
32 1 K ) and .... 7cC - :3"  ( 3 1 0K - 326K)  \\ hich mean mixture of  more materials with 
di frer nt mdling point . the t mperatur in rea es and al 0 the harp end of melt ing i s  
not ob en ed \\ h i ch  ho\\ that for re tricted temperature control appl ications. mixing 
of material doe not help a it \',- iden the temperature l imit  v,h ich may not be 
al lo\\ able in man} d \ ic . F igure 52  ho\'" the effect of increasing the melt ing range 
melt fract ion r the PCM contain d in the heat s ink .  
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F igure 5 2 :  The effect of i ncreasing the mel t i ng range for the used PCM ( Paraffin )  at 
6W on the temperature drop of Heat s ink 
I t  i s  ob erved when melt ing range i ncreases. the t ime to complete melt ing 
i ncreases which i s  considered not good for temperature control app l ications. So, it i s  
recommended that for strict  temperature control app l ications. a PCM with sharp 
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mcltmg point and narr \\ melt ing range hould be u ed and hould not be mixed v, ith 
di ffcrent melt ing p int material . 
From parametric tud . . i t  i ob en ed that a naITO\\ melt ing point. not mixing 
or the PCi\1.  good thermal condu t iy i t) . h igher den i t) . rectangular fin type and a 
rea onabk package ize are optimum for th temperature control of electroni c  d v ice 
emplo) ing heat ink \\ ith r e M .  
101  
C h a pt e r  6:  Con c J u  i o n  a n d  R e c o m m e n d a t i o n  
6. 1 o n c l u  ion 
Uncontrol led heat generated b) electronic dev ic doe not only decr a e the 
performance. but ma) ult imate l: 1 ad to complete sy tern fai l ure. The heat inks are 
prepared a meta l l i c  containment having fin with fixed inter-fin pac ing. The H i 
fi l led \\ itb three t) pes or P M . namely: a paraffin wax . alt hydrate-calc ium ch loride 
and m i l h.-fat. and i ubj ct d t \ ariou heat load at of W, 6W. 8W and 1 0W. Four 
III de of operat ion are experimental l y  te ted in thi study. These are : H under natural 
com ection. H integrated with peM under natural convection. H under forced 
om ction. and H integrated with PCM under forced vent i lat ion. In th is  study. the 
heat ink fi l led \"" i th  PCM i ubjected to arious heat loads. The heat generating 
urface and heat inks urface temperatures are monitored to evaluate the PCM thennal 
performance. 
It found through the results analy i . when adding PCM into the heat sink a 
t ime l ag i n  temperature rise i s  observed due to melt ing and latent heat absorption. I t  
hows that for fir t 1 5  m inutes the WPCM- atural convection ) achieved the min imum 
temperature however i t  later on raised in temperature and sho s a higher temperature 
than the WOPCM-Forced convection .  Using PCM hows a larger heat loss and 
temperature drop up to 1 5  DC compared to fan vent i lation with no PCM. In both natural 
venti l at ion and forced venti lation case, the temperature remain lower with PCM 
inc lu  ion compared to without PCM at the start. however the PCM under natural 
convect ion shows h igher temperature than fan vent i lation with and without PCM after 
1 5  minutes of exposure which shows that the PCM alone cannot compete with fan 
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alone \ enti lation ) t m for larger e po ure t ime mainly due to completion of melt ing 
of the P 1\ 1  fol lowed b) en ible heat ing and heat retention. For the larger t ime 
c"\po ure ( 60 min ). the re ul t  ho\\ that the maximum temperature at the heat 
generat ing urface at 6 W i 75 ° v. i t llout u ing the PCM under natural convection 
\\ h i le  u ing P M under natural convection reduce i t  to 62 °C due to P 1 coo l ing 
effect . 
When fan i added \\ i thout P . it drops the temperature trongly to \'ery low 
ten'lperature compared to natural vent i l ation in all power input from 4 W - l OW due to 
increa d heat 10 e from the urfaces of the heat ink to the ambient. At the heat 
generating urface at 6 W. Inc lu ion of forced vent i lation v,:ithout PCM reduces the 
temperature dO\\11 to 50 °C which how that the forced convection themlal 
management tec1mique employing heat ink i effective techn ique. However. the fan 
coo l ing ystem may fai l  i n  certain  ca es due to involvement of active mechanical 
component and in  \vor t case damage the device leading to fai l ure. The results present 
that the effect of i n  inc lu  ion of PCM with forced vent i lation in coo l ing system. brings 
the temperature down to 42 °C . Therefore. a heat s ink integrated wi th PCM is found 
to be an effective coo l ing system in tenl1S of both h igher temperature regulat ion and 
i ncrea ed afety due to passi e temperature regulation nature of PCM. Coupl i ng PCM 
with fan wi l l  always guarantee that in case of fan fai lure. the PCM can st i l l  regulate 
device temperature and can perf01111 the operation and protect the device from fai l ure 
for certa in t ime needed for automat ic faul t  d iagnosti c  fixation or a rout ine device shut 
do\\TI procedure as appropriate. As a concl us ion, a combination of forced convect ion 
t}u'ough fan and latent heat absorpt ion based cool ing through PCM maintains the 
lowest temperature of a l l  four cases for short period of t ime based on the type of  the 
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u cd P 'vI . Thi :; tern i the opt imum choice for thennal management of the I 
packaging in  th is  ca e. Ho\', e\ er. it need t i l l  further re earch in te t ing the effect of 
natural \ ent i lation and forced \ enti lation with and \\ i thout P \\ hen expo ed to 
utdoor \\ ind 'peed a t V\ hat configurat ion can be optimum. The future research ma) 
l im inate the inc lu i n of fan in ome pec i fic  high wi nd speed locations and can re I) 
onl) on natural com e t ion \\ i th PCM inclu ion .  
omparing the PCM ho\\ that the mi lk -fat performed the be t amongst th 
P 1\ 1 '  for t h  fi r t 5 minutes. ince m i l k  fat ha  the lowest melt ing point of  a l l .  i t  
indicate that at the start. the coo l ing i dominated by the effect of  melt ing temperature 
of the PC . evertheles . beyond the 5 m inutes. the fat-mi lk  capabi l i ty to absorb heat 
redu es due to completion of melt ing caused by i ts  lo\�.:er heat of fusion. tbe other 1\>';0 
PCt-.1 ( mainl) calc ium chloride which ha higher latent heat \\Then compared to the 
re t of PCM )  stru1 melt ing forc ing temperature to stay lower than the rest of PCM.  
I t  i recommended t o  u e the HS fi l led i th PCM in the c dic operations uch 
a witching operation or the appl ications need to have a huge temperature drop at the 
start ing operat ion .  It also recommended to u e PCM integrated into a HS to provide a 
backup passive coo l ing support espec ia l ly  in  case of fai l ure of the fan system during 
operation as an addi t ional safety cover. 
A three dimensional heat transfer CFD numerical model is developed and 
numerical analysis is performed to compare numerical predict ions with the 
experimental re ul ts .  A good agreement is obtained between the experimental re ult  
and numerical s imulat ions. A fundamental understanding of the conjugate convection­
conduct ion heat transfer in the three-dimensional heat s ink is provided. 
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In general ,  the re ult ho\\ that imulation re ult [or all the te ted three PCl\ l  
are I II a go  d agreement \\ ith the experimental re ult conducted under the same 
condi t ion \\ ith acc ptable error de\ iation. The numerical re ul t mo tJ) predicted 
higher temperature drop compared to experimental re ult  . however. the deviation 
remained \\ i thin acceptable range o[ 5 % giwJ1 the a umption of ignoring natural 
com ection \\ i th in rCM and standard error in ourc of numerical input 
From th parametric tudy. i t is ob erved that a naITO\\ melting range [or the 
r 1 .  J1 1 mix ing of more than one rCM. good thermal conductivi ty ( H igher) and 
h igher den ity are the opt imum thermal properties for effecti e coo l ing performance 
of inclu ion rCM i nto H . In add it ion. rectangular fin type and a reasonable package 
ize are al 0 the opt imum parameter for the temperature control of electronic  device 
employing heat ink \\ i th PC M. 
6.2 Recom mendat ions  
Through the cur ent research although i t  i s  found that the them1al management 
of electronic packaging i more effect ive through combinat ion of the forced vent i lation 
and PC 1. compared to natural venti lat ion or forced venti lat ion without peM however 
there are few factors \yhich need to be considered. 
1 - The proposed them1al management system can l im i t  temperature under designated 
service temperature for a short t ime which can only be used to control the transient 
temperature r ise for a specific  t ime. For longer operation t ime. the peM acts as a 
thermal energy retent ion system and may work against heat diss ipat ion during no 
operat ion condi tions when the electronic package i s  coo l ing down 
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2- fhe thenna! manag ment ) tem work , er) good for a cyc l i c  h at load for certain 
app! ication and may not be uitable for a cont inuou operat ion 
� - fhe thenna! management ) tem need further im'e t igations in tenn of improving 
the interface heat transfer between heat ink and h at generator urface , 
4- The themlal management y tem n eds further inve t igation to improve thermal 
conduct i ,  i t) of the P M and the fin urface , hich can be real i zed through inclusion 
of appropriat thermal conduct i" it) enhancer such as carbon nanotubes and 
nanopart ic le , 
5-The thermal management de ign needs further r igorou simulat ion studies in a bid � � � 
10 the de ign opt imization for d i fferent heat inputs, heat sink geometries and peM 
themlo-phy ieal propert ies, 
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1 - The Tempera tu re Eva l u a t io n  For H ea t  i n k, For pow er j n p u t  = '" \\' 
80 
70 
G 60 
0 
"-
� � 
= 
� 50 
� � 
c. 
E 
� 40 
30 
20 
- WOP 1 -Forced com'ection - WOP M- atural convection 
0 
WP M-Forced com ection WPC - atural convect ion 
30  60 90 
Time ( mi n )  
1 20 1 50 
1 17 
1 80 
F igure 5 3 :  The temperature evaluation for heat s ink fi l led with paraffin wax 
compared to the reference case heat s ink without PCM subjected to heat input 4 W 
under natural convect ion and forced con ection 
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Figure 5-+ :  Th temperature evaluation for heat i nk fi l led with Calc ium chloride 
h) drate compared to the reference case heat s ink without PCM subjected to heat 
input -+ W under natural convection and forced convect ion 
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Figure - 5 :  The temperatme evaluat ion for heat s ink fi l led with M i lk-fat compared to 
the reference ca e heat s ink without peM subjected to heat input 4W under natural 
convection and forced convection 
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F igure 56 :  The temperature eval uation for heat i nk fi l led with paraffin wax 
compared to the reference ca e heat s ink without peM subjected to heat input 8W 
under natural com'ection and forced convection 
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Figure 5 7 :  The temperature evaluation for heat s ink fi l led with Cal c i um chloride 
hydrate compared to the reference ca e heat si nk wi thout PCM subjected to heat 
i nput 8W under natural convect ion and forced con ection 
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F igur - 8 :  The temperature evaluation for heat s ink fi l led with M i l k-fat compared to 
the reference case heat s ink , ... · ithout PCM ubjected to heat input 8W under natural 
convection and forced convection. 
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F igure 59 :  The temperature evaluat ion for heat s ink fi l led with paraffin wax 
compared to the reference case heat i nk \\"i thout PCM ubjected to heat i nput 1 0W 
under natural convection and forced convection 
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Figure 60 : The temperature e\'aluation for heat i nk fi l led wi th Calcium chloride 
hydrate compared to the reference ca e heat sink without PCM subjected to heat 
i nput 1 0W under natural convect ion and forced convection. 
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F igure 6 1 : The temp rature eval uation for heat s ink fi l Ied wi th Mi lk -fat compared to 
the re� rence ca e heat i nk without PCM subjected to heat input l OW under natural 
convection and forced convect ion 
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Figure 62 : The heat ing curve for heat s ink fi l led \ i th three PCMs, namely Sal t  
hydrate. Paraffin \vax and M i lk fats compared to the reference case heat s ink without 
PCM subjected to heat i nput 4 W under natura l  convection 
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Figure 63 : The heat ing curve for heat s ink fi l led vvith three PCMs, namely Salt 
hydrate, ParaffIn wax and M i lk fats compared to the reference ca e heat i nk without 
PCM ubjected to heat input 4 W under forced convection 
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Figure 64: The heat ing curves for heat s ink fi l led with three PCMs, namely Salt 
h) drate, Paraffin wax and M i lk-fat compared to the reference case heat sink without 
peM ubjected to heat input 8W under natural convection 
129  
Reference -- alc ium hloride -- Paraffin wa'\ - Mi lk  fat 
o 
70 
G 60 
o 
--
30  
20  
o 5 1 0  1 5  20 25 
Time ( m i n )  
Figure 65 : The heat ing curve for heat sink fi l led with tlu'ee PCMs. namely alt 
hydrate, Paraffin \\- ax and Mi lk-fat compared to the reference case heat sink without 
peM ubjected to heat input 8W under forced convection 
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Figure 66 : The heat ing curve for heat s ink fi l led v·: i th tlu·ee PCM , namely Salt 
hydrate. Paraffin  wax and Mi lk-fat compared to the reference case heat sink without 
PCM ubjected to heat i nput l OW under natural convect ion 
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Figure 6 7 :  The heat ing curve for heat s ink fi l led with three PCMs, namely  alt 
hydrate. Paraffin ",-ax and 1 i lk-fat compared to the reference case heat ink v,;ithoLlt 
peM subjected to heat input 1 0W under forced convect ion 
